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ABSTRACT 
T h i s t h e s i s i s d i v i d e d i n t o n i n e c h a p t e r s . The f i r s t t h r e e 
chapters descri"be previous E^S.R. and Mossbauer s t u d i e s of 
k a o l i n i t e together w i t h the p r o p e r t i e s of the f e r r i c i o n and 
de f e c t c e n t r e s . The s t r u c t u r e , p r o p e r t i e s , morphology and 
s y n t h e s i s of k a o l i n i t e are o u t l i u e d i n chapters four and f i v e . 
The experimental r e s u l t s a re presented i n the t h r e e chapters 
f o l l o w i n g . Chapter s i x d e s c r i b e s the v a r i o u s methods of s y n t h e s i s 
attempted and the nature of the k a o l i n i t e formed together w i t h 
t h e i r morphology. Some p r e l i m i n a r y E.S.R, r e s u l t s on the 
s y n t h e t i c k a o l i n i t e s are a l s o included, which show d e f i n a t e l y 
t h a t the g = 4 s i g n a l s are due to Fe"^ "*^  s u b s t i t u t e d i n the 
k a o l i n i t e l a t t i c e . 
Chapter .seven o u t l i n e s the work done to i d e n t i f y the nature 
of the centre r e s p o n s i b l e f o r the a s s y m e t r i c g = 4 resonance. 
2+ 
I t i s shoi-m that the s i g n a l i s generated v/hen a Mf; doped 
s y n t h e t i c k a o l i n i t e i a K - i r r a d i a t e d and annealed at 200*^0. 
I t i s postulated t h a t the c e n t r e r e s p o n s i b l e i s due e i t h e r to 
an 0^ ion or a hole trapped on a strong cation-oxygen band. 
I n chapter eight a more d e t a i l e d study of-the s i t e of the 
f e r r i c ion i s given. I t v;as concluded that at l e a s t tv/o 
s i t e s occur i n the octahedral l a y e r when Fe^"*" i s s u b s t i t u t e d 
f o r A l ^ ^ , one v/here there i s mistaoking of the l a y e r s r e s u l t i n g 
i n a reduction of the c r y s t a l l i n i t y of the k a o l i n i t e . and 
another where the k a o l i n i t e i s of high c r y s t a l l i n i t y . I t i s 
argued t h a t the d i f f e r e n c e i n the s i t e s i s a f f e c t e d by the 
d i f f e r e n c e s i n the d i r e c t i o n of the i n t e r l a y e r OH groups. 
The main r e s u l t s are suramerised and b r i e f l y d i s c u s s e d 
i n c hapter nine. I d e a s f o r f u r t h e r experiments suggested by 
the r e s u l t s obtained i n t h i s work ai'e a l s o d e s c r i b e d . 
Copies of papers accepted and submitted f o r p u b l i c a t i o n 
are bound at the end of t h i s t h e i ^ i s . 
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INTRODUCTION 
Cl a y i s an extremely important commodity i n everyday l i f e . 
As a c o n s t i t u e n t of s o i l s i t i s r e s p o n s i b l e i n part f o r 
the 3torage of plant n u t r i e n t s . Large d e p o s i t s of 
concentrated c l a y have great commercial v a l u e and a r e used 
i n a wide range of i n d u s t r i e s i n c l u d i n g p o t t e r i e s and paper. 
C e r t a i n grades of c l a y , when a c t i v a t e d by a c i d s , perform 
as most e f f i c i e n t c a t a l y s t s i n the petrochemical i n d u s t r y . 
Perhaps the most i n t e r e s t i n g aspect of c l a y s i s the 
i d e a t h a t they may have played an important part i n the 
o r i g i n of l i f e . ( C a i r n s - S m i t h I969) I t i s suggested t h a t 
c l a y i s the ' p r i m i t i v e h i e r a r c h i a l order' which\ has l a i d 
down the pattern f o r subsequent i n f o r m a t i o n - c a r r y i n g 
macromolecules. I n t h i s context the c l a y s have behaved 
as c a t a l y s t s and templates f o r the organic s y n t h e s i s of 
l a r g e r u n i t s . I t i s thought that the mechanism of c a t a l y s i s 
depends s t r o n g l y on s u b s t i t u t i o n a l ions and d e f e c t s o c c u r r i n g 
i n the l a t t i c e . E l e c t r o n Spin Resonance (E.S.R.) the 
technique used i n t h i s work y i s p a r t i c u l a r l y a p p l i c a b l e 
f o r the i d e n t i f i c a t i o n of d e f e c t c e n t r e s . 
Considerable progress has been made i n c h a r a c t e r i s i n g 
most of the c l a y minerals u s i n g X-ray d i f f r a c t i o n , i n f r a - r e d 
spectroscopy, d i f f e r e n t i a l thermal a n a l y s i s and other techniques. 
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However, the study of c l a y m i n e r a l s i s hampered by t h e i r 
small p a r t i c l e s i z e ( t y p i c a l l y 0 to 10 microns E.S.D.) and 
by the l e v e l s of inherent chemical and a d d i t i o n a l m i n e r a l o g i c a l 
i m p u r i t i e s . K a o l i n i t e i s an exception i n t h i s r e s p e c t i n 
that i t occurs i n a r e l a t i v e l y p\ire s t a t e . T h i s i s mainly 
due to the chemistry of i t s formation and i t s s t r u c t u r e which 
al l o w s very l i t t l e isoraorphous s u b s t i t u t i o n . As such i t pr o v i d e s 
an e x c e l l e n t c l a y m a t e r i a l f o r an i n i t i a l E.S.H. i n v e s t i g a t i o n . 
The work descr i b e d i n t h i s t h e s i s i s an attempt t o i d e n t i f y 
some of the c e n t r e s observable i n k a o l i n i t e s u s i n g E.S.R, 
I t i s . a natiaral continuation of the p r e l i m i n a r y work by 
P.L.Hall (l973)> Ph.D. T h e s i s London U n i v e r s i t y . 
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CHAPTER 1 
Previous E.S.R, and HQssbauer S t u d i e s of Pe^^ i n K a o l i n i t e 
Clay m i n e r a l s have not been s t u d i e d t o any g r e a t extent 
by E.S.R. T h i s i s p a r t l y due t v the i n h e r e n t d i f f i c u l t y i n 
c h a r a c t e r i s i n g the v a r i o u s c l a y m i n e r a l s , which commonly e x i s t 
as mixtures of d i f f e r e n t phases, each of which may c o n t r i b u t e 
to the E.S.R. s i g n a l s . I n a d d i t i o n p a r t i c l e s of a s i z e g r e a t e r 
than 10 microns E.S.D. are uncommon and consequently E.S.R. 
s t u d i e s of s i n g l e c r y s t a l s a r e not p o s s i b l e . 
A t y p i c a l E.S.R. spectrum of a r e l a t i v e l y pure bulk sample 
of n a t u r a l k a o l i n i t e i s shown i n f i g . 1.1 Boesman and Schoemaker^ 
a t t r i b u t e d the 3 l i n e s i g n a l at ga4 to Pe^^ i n a rhombic s i t e . 
By assuming a l a r g e z e r o - f i e l d s p l i t t i n g they were a b l e to 
p r e d i c t approximately the observed, g-values, s t a t i n g t h a t the 
most l i k e l y s i t e f o r the Fe^"*" was i n the t e t r a h e d r a l l a y e r . 
(Although Hall has s i n c e pointed out t h a t t h e i r use of p e r t u r b a t i o n 
theory was i n v a l i d . ) The a x i a l l y symmetric s i g n a l a t g^2 was 
assigned to Fe^^ i n an o ctahedral s i t e . Dehydroxylation of 
the k a o l i n i t e , which caused the gs=4 s i g n a l t o c o l l a p s e to a 
s i n g l e l i n e , w h i l e the g=i2 s i g n a l disappeared, was c i t e d as 
evidence to support t h e i r i n t e r p r e t a t i o n . 
F r i e d l a n d e r F r i n k and S a l d i c k ^ suggested t h a t the s i g n a l s 
at g=»2 were not due to i r o n but were p o s s i b l y caused by organic 
f r e e r a d i c a l s a s s o c i a t e d with s o i l o rganic matter. However 
Vlauchope and Haque^ and Angel and H a l l ^ have shown t h a t removal 





T y p i c a l E.S.R. spectrum of* 
a n a t u r a l k a o l i n i t e 
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Wauchope and Haque .concluded that the g°2 s i g n a l was probably 
due to a "thermally generated r a d i c a l formed deep i n the 
Si0^ / A l ( 0 , 0 H ) ^ matrix s i m i l a r perhaps t o the ojcygen s p e c i e s 
widely observed i n the c a t a l y t i c oxides". They d i d not appear 
to have f u l l y considered Pe^* • 
H a l l et a l ^ ' 5 ' ^ s t u d i e d the c o n t r i b u t i on of the organic 
f r a c t i o n i n c l a y s t o the E.S.R. spectrum i n more d e t a i l and 
suggested p o s s i b l e schemes f o r the mechanisms of the observed 
c e n t r e s found i n the c l a y s . They observed t h a t the s i g n a l s 
at g=4 were due to two separate centres*, one c o n t r i b u t i n g 
t h r e e l i n e s ( c e n t r e I ) and the other a s i n g l e i s o t r o p i c l i n e 
( c e n t r e I I ) Consequently, depending on the i n t e r p r e t a t i o n of 
the ga2 s i g n a l , he presented two p o s s i b i l i t i e s f o r the explanation 
2 
of the s p e c t r a . 
1. I f the g=2 s i g n a l i s i n t e r p r e t e d a s a d e f e c t centre 
of u n c e r t a i n o r i g i n , then c e n t r e s I and I I may be 
i n t e r p r e t e d as Pe^^ r e p l a c i n g A l ^ * and S i ^ ^ r e s p e c t i v e l y 
i n the octahedral and t e t r a h e d r a l l a y e r s of the 
k a o l i n i t e s t r u c t u r e . 
2. I f the g=2 s i g n a l i s a t t r i b u t e d t o Pe^^ r e p l a c i n g 3+ 3+ Al then c e n t r e s I and I I must*be'assigned to Pe 
r e p l a c i n g S i ^ * i n tv;o types of s i t e symmetry, the 
d i f f e r e n c e between them being due to d i f f e r e n t mechanisms of 
charge compensation. 
2 
H a l l favoured scheme 1 while scheme 2 remained a 
2 
p o s s i b i l i t y . H a l l s o l v e d the spin Hamiltoniein f o r the f e r r i c 
14 
ion with a l a r g e z e r o - f i e l d s p l i t t i n g and found the r e l e v a n t 
parameters (E/D and D) by f i t t i n g them t o the s p e c t r a observed 
i n k a o l i n i t e . 
Tadzhiev et a l ^ s t u d i e d the change i n the i n t e n s i t y of 
the ga2 E.S.R. s i g n a l s f o r a range of k a o l i n i t e s w i t h d i f f e r e n t 
c a t i o n s exchsmged onto the s u r f a c e and heated to v a r i o u s 
temperatures. Although some d i f f e r e n c e s i n the i n t e n s i t y and 
line s h a p e of the g»2 s i g n a l were observed, no d e f i n i t e c o n c l u s i o n s 
were drawn. 
. An i n i t i o mica has been s t u d i e d by E.S.R. by Matyash e t 
a l , who observed a s i n g l e l i n e at g o 4 which they a t t r i b u t e d 
to i s o l a t e d f e r r i c ions i n orthorhombic: s i t e s and a very broad 
resonance at g=»2.03 (1200- 0 wide) which was a t t r i b u t e d to 
c l u s t e r s of neighbouring f e r r i c i o n s . 
Kemp^'^^*^^ has examined the E.S.R. s p e c t r a o f o r i e n t e d 
s i n g l e f l a k e s of muscovite and phlogopite. I n the c a s e of 
phlogopite'^' he was able t o i d e n t i f y a t l e a s t 4 d i f f e r e n t 
c e n t r e s .while the spectrum f o r the f l a k e of muscovite^^ 
c l o s e l y resembled those obtained from k a o l i n i t e s . The muscovite 
spectrum c o n s i s t e d of an i s o t r o p i c l i n e a t gB4*3 and a spectrum 
due t o another centre g i v i n g r i s e to at l e a s t 3 l i n e s i n the 
gsa4 region. The value of E/D f o r the l a t t e r s i t e was found 
12 
to be 0.17 • Novozhilov et a l recorded the E.S.R. s p e c t r a 
of a s y n t h e t i c fluorophlogopite c o n t a i n i n g iron,vanadium and 
manganese.,and. showed that the FeT ione were both 4 - f o l d and. 
6 - f o l d coordinated. 
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The study o f s u b s t i t u t e d i r o n i n n a t \ i r a l k a o l i n i t e -has 
been at tempted u s i n g MOssbauer Spectroscopy ^ but t h e low 
concen t r a t i on ( l e s s than 1^) o f i r o n i n the k a o l i n i t e made 
the c o l l e c t i o n and ana lys i s of the da ta v e r y d i f f i c u l t . 
P r i o r t o examinat ion of the k a o l i n i t e , Maiden and Heads^^ 
magne t i ca l l y e x t r a c t e d i ron -bee i r ing micas and ob ta ined a 
reasonably pure sample. ( 0 . 3 5^  Pe^Oy ) ^ The Mttssbauer 
spectrum o f the sample shoi-zed a d e f i n i t e f e r r i c d o u b l e t , w i t h 
a weak Pe^ "*" shoulder . By comparison w i t h a s i m i l s i r spectriira 
ob ta ined f rom g i b b s i t e i t was argued t h a t the i r o n was probably 
s u b s t i t u t e d f o r Al^"*" i n the oc tahedra l l ayer* Other MOssbauer 
s tud ies o f c l ays have been made by Weaver e t a l bu t these 
were complicated by the extremely h i g h i r o n content o f the 
k a o l i n i t e mine ra l (8?J) which was probably i n the fo rm o f g o e t h i t e . 
As f a r as the author i s aware no c l e a r i n t e r p r e t a t i o n 
o f the E.S.R. spect ra of n a t u r a l k a o l i n i t e has been presented 
i n a v a i l a b l e l i t e r a t u r e and a l l t h a t can be sa id up t o now i s 
t h a t i r o n i s s u b s t i t u t e d i n the l a t t i c e i n a t l e a s t two d i s t i n c t 
s i t e s and there are probably some d e f e c t cent res p re sen t . 
The purpose of t h i s work i s t o i d e n t i f y more c l e a r l y the 
paramagnetic cen t res respons ib le f o r the E.S.R. s i g n a l s i n 
k a o l i n i t e and t o d e f i n e the s i t e symmetries. 
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The f e r r i c i o n 
The f r e e f e r r i c i o n w i t h a e l e c t r o n c o n f i g u r a t i o n has 
a ^^5/2 ground s t a t e . When i n oc tahedra l o r t e t r a h e d r a l 
c o o r d i n a t i o n i n a l a t t i c e the ground s t a t e "becomes A^^ or 
r e s p e c t i v e l y , v / i t h a g^value c lose t o t he f r e e s p i n v a l u e . 
The sp in Hami l ton ian f o r a d^ i o n may he w r i t t e n ^ 
Hg o p ( H . ^ . S ) + ^ a S ' s 4 + s 4 + S ^ 4 _ i s ( s + i ) ( 3 s 2 _ 35 , 1)] 
+ D { S ^ _ i s ( S + l ) } + E : ( 3 2 H . S 2 ) + 
V/here the terms a, D and E are the zero f i e l d s p l i t t i n g s 
o f the ground s t a t e ; a r e s u l t i n g from the c r y s t a l f i e l d a c t i n g 
on the h igher order sp in terras i n S ^ - D and E have "been shown t o 
he main ly due t o a r e l a t i v i s t i c e f f e c t and the Blume-Orhach 
2 5 
mechanism * • The Blume-Orhach mechanism i n v o l v e s the admixture 
of e x c i t e d s t a tes i n t o the ground s t a t e hy s p i n - o r b i t c o u p l i n g 
processes* The e x c i t e d s t a t e s are s p l i t under the a c t i o n o f 
a x i a l and rhomhic f i e l d s . 
where ' ^ /^ iQ made up of ^ ^ ^ a ) ^ e x c i t e d s ta tes 
mixed "by the cuhic c r y s t a l f i e l d . 
The c c n t r i ' b u t i c n t o tho cero f i e l d D p l i t t i n ; ^ ^'^^ '^ '^ •^  
r e l a t i v i s t i c e f f e c t i s found hy us ing t he r e l a t i v i s t i c wave 
f u n c t i o n f o r the f e r r i c atom, which produces a f i n i t e term v/hen 
18 
the sp in o r t i t c o u p l i n g t o the e x c i t e d ^^2/2 considored^*^. 
f B sp in o r h i t c o u p l i n g c o e f f i c i e n t 
fl^ o second order component of t he c r y s t a l f i e l d 
R ^ ^ f ^ . R , . = r a d i a l i n t e g r a l s f o r the r e l a t i v i s t i c Har t ree-Fock 
r a d i a l f u n c t i o n s ^ . 
W o s i n g l e p a r t i c l e double tensor opera tor 
b ( " ) = r a d i a l i n t e g r a l " " 
Depending on the r e l a t i v e magnitudes o f the v a r i o u s magnetic 
and e l e c t r o s t a t i c i n t e r a c t i o n s "between the i o n and i t s environment 
the energy l e v e l scheme can assume a numher o f d i f f e r e n t 
c o n f i g u r a t i o n s . The v a r i o u s combinations o f energy l e v e l s and 
the poss ib le E.S,R, t r a n s i t i o n s are most e a s i l y desc r ibed w i t h 
the a i d o f diagrams . 
1. D=E=0=a 
The E.S.R. spectrum v;ould cons i s t o f a s i n g l e l i n e , w i t h 
g=2 ( f i g u r e 2 .1 ) 
2 , a s m a l l , D=£=.Q ( f i g u r e 2.2 ) 
The expected t r a n s i t i o n s have been g i v e n by ho\j^ and Abragam 
and Bleaney and are exoecteJ t o g ive s i g n a l s near g=2. 
Luns fo rd has c a l c u l a t e d the r e s u l t a n t l ineshape f o r a b u l k 
powder sample i n random o r i e n t a t i o n w i t h a L o r e n z t i a n l ineshape . 
PIG. 2-1 





S p l i t t i n g of; the grovind states due t o a smal l a x i a l c r y s t a l f i e l d 
PIG^ 2 .3 
H g a u s s 
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Calcu la t ed l ineshape f o r the f e r r i c : i o n i m a c u b i a s i t e v r i th i 
6 • 
a c-nall a s i a l d i s t o r t i o n 
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The r e s u l t i s shown i n f i g u r e 2 . 3 where the s i g n a l comprises 
main ly o f t r a n s i t i o n s i n each c r y s t a l l i t e het\/een t he U o + ^ 
energy l e v e l s . The l ineshape i s s i m i l a r -f hut not i d e n t i c a l , 
t o those found i n n a t u r a l k a o l i n i t e s a t g='2. L u n s f o r d ' s 
c a l c u l a t i o n s are a p p l i c a b l e t o pov;der samples o f HgO c o n t a i n i n g 
i r o n where EoD=0 and. a i s sma l l (^218 gauss) and the f e r r i c i o n 
i s i n a cubic c r y s t a l f i e l d v / i t h a ve ry sma l l a x i a l d i s t o r t i o n . 
3. D and E f i n i t e a n e g l i g i b l e 
A D less than rr(3H 
The zero f i e l d s p l i t t i n g s p l i t s the ground s t a t e r e s u l t i n g 
i n an E . S . R . spectriun of s i x l i n e s i n the r e g i o n o f g=2. 
( f i g u r e 2 .4 ) 
B P pTeater than ri^H 
The zero f i e l d i n t e r a c t i o n s p l i t s the ground s t a t e such t h a t 
the t r a n s i t i o n s occur a t magnetic f i e l d va lues depending 
p r i n c i p a l l y on the va lue o f E / D , v ; i t h t h e Zeeman term a c t i n g 
on ly as a smal l p e r t u r b a t i o n . ( f i g u r e s 2^ 5 and 2 .6 ) . F igure 2 .6 
shows two extremes, E / D = o and -3-, which are c h a r a c t e r i z e d by 
g-values g =6 & g =2 and g o 4 . 3 r e s p e c t i v e l y . The case o f E / D = 0 
corresponds t o the f e r r i c i o n i n an a x i a l s i t e , and E / D a ^ f o r 
the f f i r r i c i o n i r . a rhcnbic s i t e . Blv-nbcr;; har d e f i n e d the 
cases o f a x i a l and rhombic symmetry r e l e v a n t t o the f e r r i c i o n 
i n the l a t t i c e . Values of E / D between 0 . 0 and desc r ibe s i t e 
21 
symmetries between a x i a l and rhomhic A v a l u e p f : E / D = 0 ,22 
gives the g-values o f the t h r ee l i n e resonance a t g=4 which 
occurs i n k a o l i n i t e . ( f i g u r e 2 .6 ) 
S p e c i f i c s i t e symmetries which can produce t he c i x i a l and 
rhomhic cases o f E / D are shown i n f i g u r e 2 .7 '^^ ^^^ . 
C Dc:rg H 
When the zero f i e l d s p l i t t i n g i s o f the same orde r o f 
magnitude as the quantum absorbed, p e r t u r b a t i o n t h e o r y i s no 
longer tenable and the sp in Hami l ton ian has t o be so lved by 
numer ica l m a t r i x methods^^*^^ H a l l ^ ^ has solved the Hami l ton ian 
f o r the case o f Pe^^ i n k a o l i n i t e and f o u n d t h a t an E / D va lue 
of 0 .22 gave the best f i t f o r the three l i n e spectrum at g=4. 
The + r a n s i t i o n s are p l o t t e d as a f u n c t i o n o f D i n f i g u r e 2 . 8 
and are of p a r t i c u l a r importance f o r t h i s work . Us ing f i g u r e 2 .8 
H a l l was able t o est imate a va lue o f 0 . 5 + 0.1 cm"" f o r D. 
I n order t o o b t a i n a more accxirate va lue f o r D i t i s necessary 
t o observe the p r e d i c t e d resonaoices a t t h e h igher magnetic f i e l d s . 
To d a t e , the h i g h f i e l d resonances have no t been observed i n 
k a o l i n i t e . 
zero f ie ld 
splitt ing 
PIG. 2.4 
S p l i t t i n g o f the ground s t a t e due t o 
weak zero f i e l d terms i n addi 
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z e r o f i e ld splitting 
FIG. 2.5 
S p l i t t i n g o f the ground s t a t e v/hen the zero f i e l d terms are 






Pred ic ted t r a n s i t i o n s (^g^) betvjecn the doublets^^when-the scro 
f i e l d s p l i t t i n g i s l a r g e compared w i t h the Zeanan i n t e r a c t i o n . 
Where, n represents the d o u b l e t ; 
1= + 1 /2 
2= + 3 /2 
M A , B , C 
O 
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PIG. 2.7 
T y p i c a l c o n f i g u r a t i o n s t h a t produce the c h a r a c t e r i s t i c ; 
g-values i n the E.S.R. speotrian o f P&^^ 
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Plot o f resonance magnetic f i e l d (H ) aga ins t D(cm" ) f o r = 0 . 2 2 , 
res 
inicrov;ave frec[uency = 9»27 GHz and e f f e c t i v e spin= 5 / 2 f o r H p a r a l l e l t o 
the 2 , y and z axes. Y ( i - j ) represents the t r a n s i t i o n between the i , t h 
and j ^ ^ energy l e v e l , l a b e l l e d i n order o f decreas ing energy, vihen ax is . 
26. 
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CHAPTER 3 
Defect cen t res i n k a o l i n i t e 
3.1 I n t r o d u c t i o n 
The phys i ca l and chemical p r o p e r t i e s o f s o l i d s are o f t e n 
i n f l u e n c e d by d e f e c t s w i t h i n them. For c l a y minerals,phenomtma 
such as c a t i o n and anion exchange^ and the f o r m a t i o n o f 
1 2 
c l a y - o r g a n i c complexes * , are r e l a t e d t o poss ib le d e f e c t s i n 
the s t r u c t u r e . Al though DeKeyser^ f i r s t recognized t he 
p o s s i b i l i t y o f the e f f e c t s of de fec t s on t he p r o p e r t i e s of c l a y s 
t he r e have been few r e p o r t s on t h i s t o p i c i n the l i t e r a t \ i r e . 
Cons ider ing the many authors who invoke d e f e c t centres 
i n order t o e x p l a i n t h e i r observed exper imenta l data^'^*^*^*^ 
i t i s de s i r ab l e t h a t £ui at tempt should be made t o o b t a i n a 
c l e a r e r unders tanding o f the nature of d e f e c t s i n c l a y s . 
I t i s hoped t h a t the work presented here , as w e l l as p r o v i d i n g 
a deeper xinderstanding o f the na ture o f the de fec t s i n k a o l i n i t e , 
w i l l , . a l s o o u t l i n e a bas i s f o r f u r t h e r work on d e f e c t s i n o ther 
c l a y minera ls* 
3»2 Defects observed i n k a o l i n i t e 
3 . 2 . 1 D i e l e c t r i c methods 
9 10 
Van Keymeulen^' s t u d i e d the d i e l e c t r i c l o s s i n k a o l i n i t e s 
and i d e n t i f i e d a po la r a s s o c i a t i o n of d e f e c t s , h a v i n g an 
a c t i v a t i o n energy o f bc t ' jcen 0 .7 and 0.8 eV. He t e n t a t i v e l y 
suggested t h a t the most l i k e l y type of cen t r e r e spons ib l e 
f o r h i s observat ions was a hydroxy l vacancy assoc ia ted w i t h 
28 
2+ 3+ Hg s u b s t i t u t e d f o r A l , Due t o i t s non-paramagnetic 
n a t u r e , t h i s type o f de fec t would not be d i r e c t l y observable 
by E.S.R. I t i s poss ib l e , however, t h a t i t c o u l d a c t as a 
s i t e f o r t r a p p i n g holes or e l ec t rons c r e a t e d by X - i r r a d i a t i o n . 
The importance o f X - i r r a d i a t i o n of k a o l i n i t e s w i l l be discussed 
i n s e c t i o n 2.3* 
A d e s i r a b l e p r e - r e q u i s i t e f o r a d e t a i l e d s tudy o f 
d e f e c t s i n k a o l i n i t e i s the p r o v i s i o n o f a s e r i e s o f k a o l i n i t e s 
o f knov/n composi t ion because n a t u r a l m a t e r i a l s t e n d t o con t a in 
a wide range of i m p u r i t i e s , making i t d i f f i c u l t t o i d e n t i f y 
the de fec t s \inambiguously. 
More r e c e n t l y Ar jona and F r i p i a t ^ ^ examined t he d i e l e c t r i c 
l o s s o f n a t u r a l boehmites a t va r ious -.emperatures and observed a po lar 
d e f e c t w i t h an a c t i v a t i o n energy of 0 .68 eV. However, u n l i k e 
Van Keymeulen, they pos tu la ted t ha t the de fec t v/as assoc ia ted 
on ly w i t h the h y d r o x y l s , s i m i l a r t o the type found i n i c e 
12 
(Bjerum de fec t ) , where the proton assoc ia ted w i t h one 
h y d r o x y l jumps t o another h y d r o x y l p roduc ing a p o l a r d e f e c t . 
I t was suggest by Ar jona et a l . ^ ^ t h a t the observed de fec t 
p lays an impor tan t par t i n the mechanism o f d e h y d r o x y l a t i o n 
o f k a o l i n i t e . No re fe rence was made t o Van Keymeulen's. 
9 10 
work ' , and o ther poss ib le de fec t s were not d i scussed . 
3 . 2 . 2 Thermoluminescence 
Defect cen t res i n c l a y minera ls have a l so been s tud ied 
by thermoluraiescence^^*^^, but w i t h t h i s technique d e f i n i t e 
29 
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PIG. 3 . 1 
Thermolurainescence glow curve f o r a n a t u r a l k a o l i n i t e 
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assignment o f the de fec t c e n t r e s i s d i f f i c u l t . Comparison 
of t he glow curves w i t h systems which have been e x t e n s i v e l y 
2T 28 
s t u d i e d , such as quar tz and a lumina, • a l l o w c e r t a i n 
comparisons t o be made. I n p a r t i c u l a r ^ ( f i g u r e 3 .1) Feraresso^^ 
s t a t e s t h a t the thermolurainesceiice peaks between - l 8 0 ° a n d +20®C 
found i n c l a y m i n e r a l s , c o i n c i d e w i t h those present i n qua r t z 
and ere probably due t o s u b s t i t u t e d ions i n the t e t r a h e d r a l 
l a y e r . Also the peaks found a t 85 C^ and 1 6 5 ^ i n k a o l i n i t e 
correspond w i t h those found i n quar tz and are p robably 
assoc ia ted w i t h Al^"*" s u b s t i t u t e d f o r Si'^"'". 
3.2 .3 E.S.R. methods 
The E.S.R. spectra observed a t g«2 i n un t r ea t ed and 
heated k a o l i n i t e are shown i n f i g u r e s 3.2A and 3.2B . The 
m u l t i - l i n e component of the spectrum o f the \mt rea t ed sample, 
which disappears on hea t i ng a t 200 C , was a t t r i b u t e d by Angel 
and H a l l ^ ^ t o a hole associa ted w i t h Al^"*" s u b s t i t u t e d f o r S i ^ * 
i n t he t e t r a h e d r a l l a y e r , w i t h h y p e r f i n e c o u p l i n g t o the 
A l ^ ^ nucleus (1=5 /2 , 100^ abundant ) . An a l t e r n a t i v e p o s s i b i l i t y 
f o r the m u l t i - l i n e component, not d iscussed by Angel emd H a l l 
^^>^5 j^g e l e c t r o n t rapped a t an h y d r o x y l vacancy i n the 
oc tahedra l l a y e r , w i t h h y p e r f i n e c o u p l i n g t o the o c t a h e d r a l l y 
3+ 29 
coord ina ted A l . ^ 
The nature o f the main resonance o c c u r r i n g a t gB2 f i g . 3.2 
has n o t , t o da te , been p o s i t i v e l y i d e n t i f i e d . I t has been 
Buggested^^'^*^'^^ t h a t the resonance may bo due t o e i t h e r a 
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PIG. 3.2 
Expanded E.S.R. spectrum o f the s°2 
resonance i n : 
A, a n a t u r a l k a o l i n i t e 
B, a n a t u r a l k a o l i n i t e a f t e r "being . 
heated t o 200^0. 
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f e r r i c i o n (d iocussed i n chapter 2) o r a d e f e c t cen t re which i s 
disctiBsed i n s e c t i o n 3«4« 
3.3 Defec ts f b t m d i n minera l s 
A ve ry u s e f u l c l a s s i f i c a t i o n o f paramagnetic d e f e c t cen t res 
found i n minera l s and.observahle hy E.S.R, has been g i v e n hy 
21 
M a r f u n i n and Bershov • They have f o i i n d t h a t s t a b l e d e f e c t 
cen t res e x i s t i n a wide range o f minera l s and can be b r o a d l y 
c l a s s i f i e d as f o l l o w s * 
1 , P cent res / P aggregate centres 
2m Atomic hydrogen 
3. Ca t ion i m p u r i t i e s t h a t have cap tu red e l e c t r o n s o r h o l e s . 
e.g. A l ^ V s i ^ * + 0.2- . . 5 L _ ^ A l ^ * + ( 0 2 - + e*) 
4« Hole c en t r e s , 0^ and A-O"" - A 
5 , Admixed O" X"" c e n t r e s . 
The d e f e c t s l i s t e d above have a l l been observed i n 
m i n e r a l l a t t i c e s and have been shown t o serve as mechanisms 
21 
f o r the p roduc t ion o f o ther centres • The p r o d u c t i o n o f a 
s t a b l e paramagnetic cent re i n a minera l u s u a l l y r e q u i r e s the 
presence o f some pre -cen t re , such as the s u b s t i t u t i o n o f an 
i o n of d i f f e r e n t valence t o the r e g u l a r l a t t i c e ion# 
I t i s w e l l known t h a t isomorphous s u b s t i t u t i o n occurs 
1 2 22 2.% 
i n c l a y minera ls * ' * • Vlhile the magnesium s i l i c a t e c l a y 
mine ra l s r e a d i l y accept a wide range o f s u b s t i t u t i o n , the l e v e l 
o f s u b s t i t u t i o n i n k a o l i n i t e i s very s m a l l ^ ^ . Any i o n which 
33 
s u b s t i t u t e s i n k a o l i n i t e and has a d i f f e r e n t valence* s t a t e - t o 
the r e g u l a r l a t t i c e ion, , need not n e c e s s a r i l y "be paramagnetic, 
bu t can act as a t r a p p i n g s i t e f o r an e l e c t r o n or h o l e generated 
by X - i r r a d i a t i o n , I f the cen t res ge^ierated are observable by 
E»S«R', then they should g ive some i n f o r m a t i o n on t h e na ture o f 
the s u b s t i t u t i o n which i s n o r m a l l y unobservable* A convenient 
method, t h e r e f o r e , o f i d e n t i f y i n g s u b s t i t u t e d ions which are 
not paramagnetic i s the syn thes i s and genera t ion o f v a r i o u s 
d e f e c t s i n the k a o l i n i t e l a t t i c e , which are assoc ia ted w i t h the 
s u b s t i t u t i o n a l i o n s , 
3»4 The main E.S,R. s i g n a l a t gs2 i n k a o l i n i t e . 
The main s i g n a l found a t g^2 ( f i g u r e 3.2) has a l ineahape 
t y p i c a l o f a paramagnetic species of s p i n - i - w i t h a x i a l symmetry 
i n randomly o r i e n t e d powders^^'^^*^^, V/auchope and Haque^^' 
suggested t h a t the gt=2 s i g n a l was due t o a t h e r m a l l y generated 
d e f e c t , s i m i l a r t o those found i n c a t a l y t i c ox ides . 
The types o f d e f e c t cent res i m p l i c i t l y r e f e r e d t o i nc lude 
the 0" , Og, and 0^* i o n s » The O" i on i s excluded because theo ry 
l8 
shows t h a t f o r a ground s t a t e g^^ i s l e s s than g^ ,v;heroac 
i n k a o l i n i t o gj^ i s l e s s than g^ ^ • The 0^ i o n can be excluded 
because the p r e d i c t e d g-values do not f i t the observed spectrum. 
The g-values of the ga2 spectrum observed i n k a o l i n i t e are 
s i m i l a r t o those o f a Ti^radica l i o n , where g^ ^ i s g r e a t e r than 
g j ^ ^ ^ . The ground s t a t e i s degenerate and p e r t u i ' b a t i o n theory/ 
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g-values i n an AB(7v) r a d i c a l . 
The diagram has "been c o n s t r u c t e d assuming 
t h a t E=3 lO-X i 
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Kansig and Cohen have g iven expressions f o r the g—values-of*.the 
0^ i o n i n an a n i s o t r o p i c environment , and obtained t h e f o l l o w i n g 
r e s u l t s . 
Where z 
3^ 
^ i s an e m p i r i c a l f a c t o r which a l l o w s f o r the e f f e c t o f 
the environment on the o r h i t a l angular momentum ahout z . 
I f the degeneracy i s not removed. 
When the degeneracy o f the ground s t a t e i s removed by 
the c r y s t a l f i e l d , p e r t u r b a t i o n theory can be a p p l i e d and the 
r e s u l t s are g iven by A t k i n s and Symons^^( f i g u r e 3 . 3 ) « 
T y p i c a l '^^-radicals i n c l u d e 0^, p e r o z y l r a d i c a l s , hype roxy l 
r a d i c a l s , and a ho le t rapped on a s t r o n g S i - 0 bond. 
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The A l c e n t r e i n smokey quairts , as d iscussed "by G r i f f i t h , 
19 
Owen-and V/ard , i a . e s s e n t i a l l y a ho le t r apped on a s t r o n g 
20 
A l - 0 bond* O ' B r i e n has considered t he bonding i n s imple 
terms andi g ives g-values o f : -
g^a g^« 2.00 
g « 2.00 + 2 ^ 6 
y ' "" 
A 
7V =3 s p i n - o r b i t c o u p l i n g cons tant 
A " s epa ra t i on o f two lowest s t a t e s 
^ = ampl i tude of i n (SP^) 
g^ i s approximate ly a long the A l - 0 bond, ( f i g u r e 3 .4 ) 
I t sho\i ld be noted t h a t i n smokey quar t z an o p t i c a l 
ab so rp t i on r e s x i l t s frora ihe ho le c e n t r e . Hence, i f a s i m i l a r 
d e f e c t cen t re occurs i n k a o l i n i t e t he re would probably bo an 
assoc ia ted o p t i c a l a b s o r p t i o n . At* fiax as the author i s aware 
the re has been no r e p o r t i n the l i t e r a t u r e o f the i d e n t i f i c a t i o n ! 
o f an abso rp t i on band a t t r i b u t e d t o a d e f e c t c e n t r e . The main 
problem i s the d i f f i c u l t y i n observ ing tho o p t i c a l spec t r a o f 
powdered m a t e r i a l , and the f a c t t h a t i n n a t u r a l samples o f 
k a o l i n i t e axi i n t ense charge t r a n s f e r a b s o r p t i o n spectrum 
associa ted v / i t h the f e r r i c i o n i s present i n the u l t r a - v i o l e t 
ex tending i n t o the v i s i b l e r e g i o n o f the spectrum, which would 
obscure any o the r a b s o r p t i o n . 
Thus w h i l e the main g=2 S.S.R. spectrum may be due t o a 









OrbitalSi located on the oxygen ion for the centre in 
20 
smokey qxxartz • 
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CHAPTER 4 
S t r u c t u r e and Prop.ertJL^s_o.£JKa,QXin^^^ ^ 
4 . 1 Basic S t r u c t u r e 
K a o l i n i t e i s a member o f the k a n d i t e group of m i n e r a l s . 
The e the r s , which have the same chemical compos i t ion , are 
h a l l o y s i t e , d i c k i t e and n a c r i t e . The s t r u c t u r e of a l l f o u r 
mine ra l s i s s i m i l a r d i f f e r i n g mainly i n the msinner o f s t a c k i n g 
of t he l a y e r s . K a o l i n i t e i s c l a s s i f i e d as a c l ay m i n e r a l 
as i t u s u a l l y occurs w i t h a p a r t i c l e s i z e o f l ess than zj^m. 
The basic c r y s t a l s t r u c t u r e of k a o l i n i t e has been found 
f rom X-ray powder d i f f r a c t i o n t o c o n s i s t o f a l a y e r c f aliuninium 
2 3 4 
hydroxide bonded t o a l a y e r o f s i l i c o n d i o x i d e . * * The 
alumina l aye r comprises A l ^ ^ o c t a h e d r a l l y coord ina ted t o 
2 oxygen and 4 hyd roxy l i o n s . The packing of the tv;o l aye r s 
of oxygen and hyd roxy l ions provides oc tahedra l s i t e s f o r the 
smal le r A l ^ ^ i o n , but due t o charge balance cons ide ra t ions 
on ly tv/o t h i r d s o f a l l poss ib le oc tahedra l p o s i t i o n s are 
occupied.(Hence the s t r u c t u r e i s termed d i o c t a h e d r a l . ) The 
s t r u c t u r e of k a o l i n i t e i s i l l u s t r a t e d i n f i g , 4*1 * Because 
o f i n t e r i o n i c r e p u l s i o n between the A l ^ ^ ions the oc tahedra l 
l a y e r i s f l a t t e n e d i n the d i r e c t i o n normal t o the l a y e r s 
r e s u l t i n g i n an increase i n the a and b dimensions. The 
l a y e r i s 1 . 95 t o 2 . 2 5 ^ t h i c k in s t ead o f 2 . 2 t o 2 . 5 ^ f o r 
r e g u l a r octahedra^. The mismatch between the a and b dimensions 
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fig.4.1. The c r y s t a l s t r u c t u r e o f k a o l i n i t e 
42 
o f the alumina and s i l i c a t e l aye r s i s compensated f o r by 
a r o t a t i o n of the t e t r a h e d r a l s i l i c a t e ions through a smal l 
angle , c lockwise cind a n t i c l o c k w i s e , about an a x i s normal 
t o the plane o f the c r y s t a l ( c - a x i s ) ^ Because o f the e f f e c t 
of the vacant oc tahedra l s i t e s the t e t r a h e d r a are a l s o s l i g h t l y 
t i l t e d , T h e r e s u l t i n g ' ^ dimensions o f t he t r i c l i n i c u n i t 
c e l l are 
a = 5 . 1 5 5i b = 8 . 9 5 X c = 7 . 3 9 X 
9 1 . 8 ^ 0 - 1 0 4 . i r - 90' ' 
4 . 2 S tack ing and Bonding o f the Layers 
As mentioned above the members o f the kand i t e group 
are d i s t i n g u i s h a b l e by the mode of s t a c k i n g of the l a y e r s . 
K a o l i n i t e and d i c k i t e have i d e n t i c a l l a y e r sequences 
a s h i f t ) on ly d i f f e r i n g i n tee d i s t r i b u t i o n of the vacant 
c a t i o n s i t e s i n successive oc tahedra l sheets ( f i g . 4 . 2 ) . H a c r i t e 
has a comple te ly d i f f e r e n t sequence of i n t c r l a y e r s h i f t s . . 
The degree of c r y s t a l l i n i t y o f the k a n d i t e minera l s i s 
determined by how c l o s e l y the s t a c k i n g sequence f o r the 
p a r t i c u l a r minera l i s f o l l o v / e d . For k a o l i n i t e the degree 
8 
of c r y s t a l l i n i t y i s found t o vary cons ide r ab ly . Noble 
u s ing X-ray poi-fder d i f f r a c t i o n techniques r e l a t e d t he var iance 
t o the nb /3 s h i f t of one l a y e r r e l a t i v e t o another . As an 
a l t e r n a t i v e B a i l e y ^ suggested t h a t observed d i f f e r e n c e s i n 
c r y s t a l l i n i t y might pos s ib ly be due t o vacancies ( o f . A l ^ ^ ) 
not o c c u r r i n g i n the same oc tahedra l s i t e s i n each l a y e r . 
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K a o l i n i t e D i c k i t e 
Alijjninium Vacancy 
FIG. 4 ,2 Normal p r o j e c t i o n onto (OOl) o f t h e oc tahedra l 
p o s i t i o n s o f th ree l a y e r s of. the k a o l i n i t e and d i c k i t e 
Etructtires, shov/ing the distribution: o f cations and 
vacancies over the th ree oc tahedra l s i tes . 
The l a y e r s are l a b e l e d 1 ,2 ,3« 
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The o r i e n t a t i o n o f the h y d r o x y l i ons i n the k a n d i t e 
10 
mine ra l s have been c a l c u l a t e d by Giese and Da t t a u s i n g 
an e l e c t r o s t a t i c approach. I t was found t h a t t he re were 
d i s t i n c t d i f f e r e n c e s between the th ree main k a n d i t e minera ls . 
( K a o l i n i t e , d i c k i t e and n a c r i t e ) which a re i l l u s t r a t e d i n 
f i g - 4 . 3 . 
The bonding between the k a o l i n i t e l a y e r s has "been con-
1 2 11 2 12 s ide red as a hydrogen bond * * , Hendricks and Ilev/nham 
noted t h a t the s t r u c t u r e of the k a o l i n i t e i s such t h a t a l l 
the oxygen atoms at the sur face o f one l a y e r are ad j acen t 
t o hydroxy l s a t the sur face o f the next l a y e r . However i t 
has been shown^^*^^ t h a t the bonding i s predominant ly 
e l e c t r o s t a t i c . Giese*^^ po in t ed out t h a t the bas ic t h e o r y 
o f the hydrogen bond g iven by Coulson and Danie lson^^ 
emphasised i t s e l e c t r o s t a t i c na tu re . Cruz et a l ^ ^ cons idered 
the proton between the k a o l i n i t e l aye r s as p l a y i n g a r o l e 
more s i m i l a r t o t h a t of the c a t i o n i n the i n t e r l a m e l l a r 
space of micas r a t h e r than an exchange p a r t i c l e c o o r d i n a t i n g 
the l a y e r s . Prom t h i s po in t of view Cruz et a l ^ ^ argued 
t h a t i n t e r c a l a t i o n i s poss ib le due t o the h i g h d i e l e c t r i c 
constant of the i n t e r c a l a t i n g agents . I t was a l so suggested 
t h a t l a t t i c e d e f e c t s should p l a y an impor tan t pstrt i n i n f l u e n c i n g 
the e l e c t r o s t a t i c f o r c e s . No model f o r the d e f e c t s was 
Table 1 shows the poss ib le simple d e f e c t s l i k e l y t o 
occur i n the k a o l i n i t e s t r u c t u r e . Many o f the d e f e c t s l i s t e d 
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are e n e r g e t i c a l l y unstable and t h e r e f o r e do not e x i s t i n 
6 \ i f f i c i e n t numbers t o be s i g n i f i c a n t • De fec t s which do 
e x i s t i n measurable concen t ra t ions may o r may no t be paramagnetic 
4 . 3 Thvinning of K a o l i n i t e 
Mginsfield and Ba i l ey^^ have shown t h a t f l a k e s o f k a o l i n i t e 
are tv/inned and pseudotwinned i n t e r g r o w t h s , where each domain 
i s probably of the order of a few hundred Angstroms across . 
The pseudotwin was shown t o be an i n t e r g r o w t h o f t h r e e l a t t i c e 
o r i e n t a t i o n s r e l a t e d by 1 2 0 ^ s p i r a l r o t a t i o n s about z ( f i g « 4 » 4 ) 
The t w i n i s the usual l 8 0 ° r o t a t i o n about the c r y s t a l l o g r a p h i c 
X a x i s 
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4»4 Physical and- chemical properties of k a o l i n i t e 
Kao l in i t e i e by f a r the most abundan-t of the kandite 
minerals. The theore t i ca l composition of pure k a o l i n i t e 
^ % ^ - ^ ^ i o ^ ^^ ^^ 8^ ^ 46.54?^ SiO^, 39.5^ Al^O.^ and 13.96^ 
H^O, t h i s composition "being seldom, i f ever, found i n nat i i re . 
The common chemical impi i r i t i es are ^e^O^, TiO^, MgO, CaO, K^O, 
Na^O, and generally SiO^ or 1^^ 0^  i s i n exese. Common mineral 
impur i t ies include qua r t z ,py r i t e , l i m o n i t e , fe ldspar , mica, 
montmoril lonite and i n addi t ion the oxides of i r o n and t i t an ium 
i n various mineral forms^'^^*^^. 
To explain cer ta in physical and chemical propert ies 
such as v i s cos i t y and cat ion exchange capaci ty. Van der Marel^"^ 
has suggested that the surface of k a o l i n i t e i s coated w i t h 
amorphous aluminiiim and s i l i c o n hydroxides. The ca t ion exchange 
capacity i s the a b i l i t y to hold and exchange cations such as 
Na, K, Ca, and H, and i n k a o l i n i t e i s normally a t t r i b u t e d to 
1 18 
broken bonds at the edges of the f lakes ' 
As v/ell as being subst i tuted i n the k a o l i n i t o l a t t i c e , 
i r o n impuri t ies i n the k a o l i n minerals occur i n a number of 
mineral forms, which include the various oxides, p y r i t e s , micas, 
montmoril lonites, or are compleied V7ith TiO^, Hence i t i s 
d i f f i c t i l t to.determine the exact loca t ion of the t o t a l i ron 
impxirity i n k a o l i n minerals. Combustion or fu s ion of samples 
f o r chemical analysis resul t s i n the t o t a l i r o n content being 
determined as Pe^Oy and i s usual ly i n the reinge 0.1 t o 2^. The 
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extent to which the I ron impur i ty exis ts i n the k a o l i n i t e . - l a t t i c e 
has heen demonstrated hy the techniques o f Mtisshauer and E.S'.R« 
19 20 
spectroscopy ^ ' • Both techniques shovz that - i r o n i s a common 
subs t i tu t iona l impuri ty i n k a o l i n i t e . I n the MBsshauer experiment y 
Maiden and Meswis^^ removed most of the mineral impur i t i e s a::d 
f ree i r o n oxides by acid- washing and magnetic separation, and 
concluded that the i ron remaining ( 0.3% ) was subs t i tu ted 
i n the k a o l i n i t e l a t t i c e . . By comparing the 
MBsshauer spectiE. of g ihhs i te ( Al (OH)^ ) and k a o l i n i t e they 
were able to i n f e r that the i r o n i n k a o l i n i t e i s i n the octahedral 
layer . The same sample of k a o l i n i t e was examined by Angel and 
20 
Hal l y using E.S.R., v^ ho concluded that the spectra observed 
21 
v;ere due to subst i tu ted i r o n i n at least two d i s t i n c t s i tes • 
• -" -
TiO^ i s o f t en present i n kao l in i t e s as-a mineral impuri ty 
i n the form of anatase or r u t i l e . Dolcater et a l . have 
suggested that Ti^"*" might ex is t as a subs t i tu ted impur i ty i n 
the k a o l i n i t e l a t t i c e . 
Most kao l in i t e s contain appreciable amounts of MgO ( O^OVfo 
to 1.0?J, usually 0.2% to 0.3% ) . Bundy et a l . ^ ^ found that 
var ia t ions i n MgO content , as wel l as t o t a l i roni and soluble i r o n 
content, were d i r e c t l y re la ted to ca t ion exchange capaci ty. 
They suggest therefore , that the magnesium and i r o n were 
present not as subst i tu ted impur i t ies i n k a o l i n i t e but as 
impur i t i e s w i t h i n a montmoril lonite f r a c t i o n . They also point out 
that the montmoril lonite content i n k a o l i n i t e i s usua l ly less 
than 5%, and i s not eas i ly observable by X-ray d i f f r a c t i o n . 
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I t i s possiWe, although to date there i s no directs experimental 
proof, that the ca t ion exchange capacity i a cont r ibuted to by 
the magnesium and i r o n subs t i tu ted i n the k a o l i n i t e l a t t i c e , 
which i n turn causes charge imbalance. 
Pollet^^ has shown by electron microscopy tha t adsorption 
of sols on the k a o l i n i t e pa r t i c l e s occurs p r e f e r e n t i a l l y at the 
edges and on one of the two faces. His resu l t s support the view 
that the cation exchange capacity i s due t o broken bonds at the 
edges of the f l a k e , and t o impur i t ies subst i tu ted v / i t h in the l a t t i c e , 
probably i n the s i l i c a t e layer ( Al^"*" subst i tu ted f o r Si^ "*" ). 
The use of clays as cata lys ts i n organic chenis t ry i s very 
extensive, and the processes catalysed include: dehydration, 
condensation, oxidat ion and reduction, dech lor ina t ion , 
25 
isomerization, c y c l i z a t i o n , and hydrogenation ^ . To explain 
the ca t a ly t i c behaviour i n . these processes each reac t ion must 
be considered separately and no general rules can be g iven^^ '^^ . 
Certain clays w i t h a high alumina content, such as 
k a o l i n i t e and aluminium r i c h raontmorillonites, are used extensively 
i n the petroche.nical industry as ca ta lys t s . The mechanisms or 
the ca t a ly t i c a c t i v i t y of the clays are f a r ' f r o m understood and 
consequently the superior performance of some clays as cata lys ts 
remains inexp l i cab le . Although the mechanisms of the ca ta lys is 
are unknown ce r t a in fac tors appear to be important. Grim has 
stated^^ that "the pattern of.' the octahedral alumina i s probably 
c r i t i c a l " . Also "the occurrence of i r o n , whether f r e e or 
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coordinated w i t h oxygen or hydrozyls, and the pa t te rn or 
d i e t r i h u t i o n are essential f ac to r s i n the act ion of ' clay, ca ta lys ts" 
The ca t a ly t i c a c t i v i t y i s also prohably re la ted to the various 
defects present i n the c lays , although t h i s does not appear 
to have heen investigated* 
Although the main use of k a o l i n i t e i s i n the poduction 
of ceramic wares ' which does not put any serious constraints 
on the pur i ty of the c lay, ce r t a in very large deposits of highi 
p \ i r i t y ( e.g. Cornwall U.K. , and Georgia U.S.A. )are used 
extensively i n the paper indus t ry . For these purposes r e l a t i v e l y 
small levels of impuri ty cause tv/o major prohlems i n the 
i n d u s t r i a l app l i ca t ion . F i r s t l y i t can a l t e r the v i s c o s i t y of 
the clay, and secondly i t can cause the d isco loura t ion of an 
otherwise v/hite c lay . The whiteness of a tMlk. sample of 
k a o l i n i t e i s p r imar i ly the r e su l t of mul t ip le s ca t t e r ing of 
l i g h t from the email pa r t i c l e s , the apparent absorption of l i g h t 
by impuri t ies being comparatively small . The extent of the 
l i g h t sca t ter ing i s easi ly demonstrated by suspending the 
k a o l i n i t e i n benzyl benzoate, which has the same r e f r a c t i v e 
index (l»56 ) • The sca t te r ing process i s minimised and the 
e f f e c t of absorption can be seen as a d i s t i n c t d i r ty 'bro i -m 
colourat ion of the k a o l i n i t e . The d iscoloura t ion , which i s 
p a r t i c u l a r l y detrimental i n the t h i n f i l m s used f o r paper 
coat ing, i s caused by the presence of FegO^' "^ ^^ 2 organic 
matter . However the main part of the d iscoloura t ion i s 
probably ca\ised by the i r o n content, part of which i s subst i tu ted 
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28 w i t h i n the k a o l i n i t e l a t t i c e * Sikora suggests tha t t h e ^ f r a c t i o n 
or i r o n i n the l a t t i c e has l i t t l e or no e f f e c t on the whiteness 
of the c lay. In d i rec t c o n t r a d i s t i n c t i o n other authors consider 
subst i tu ted i r o n extremely e f f e c t i v e i n d i sco lour ing the kao l in i t e^* 
29 
Szpi la ^ pointed out that Mn, Pb, and Cu cause a greater 
discolourat ion of k a o l i n i t e than T i or Fe at the same l e v e l 
of concentration. Prom the previous descr ip t ion of the wide 
range of impuri t ies which can exist i n the k a o l i n i t e minerals 
and i n par t icu lar the c o n f l i c t i n g suggestions w i t h respect t o 
the e f f e c t of subst i tuted i r o n impur i t i e s , i t fo l lows that 
great caution must be exercised when i n t e r p r e t i n g experimental 
r e s u l t s . So much so that the i d e n t i f i c a t i o n of the d iscoloura t ion 
due to any one defect i s d i f f i c u l t , i f not impossible. I t i s 
f o r t h i s reason that the preparation of various doped synthetic 
k a o l i n i t e s has been attempted i n t h i s work t o provide a clearer 
understanding of some defects i n k a o l i n i t e . 
For the f e r r i c ion subst i tuted i n the k a o l i n i t e l a t t i c e 
i t i s thought that the d iscoloura t ion arises predominantly from 
a charge t ransfer process between Fe^ "*" and i t s oxy- or hydroxy-
l igands , ;vhich produces £in absorption band i n the x i l t r a - v i o l e t 
and v i s i b l e region of the spectrum. The e f f e c t of d-d t r ans i t i ons 
i n the c rys ta l f i e l d are neg l ig ib l e by comparison 
as they are spin forbidden, The absorption of l i g h t due to 
other defects w i t h i n the k a o l i n i t e l a t t i c e has not been considered 
i n the past as the f e r r i c i on usually dominates the spectrum. 
The moat outstanding property of k a o l i n i t e i s i t s r e l a t i v e 
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chemical inertness. I t i s p r a c t i c a l l y insoluble i n s trong 
a l k a l i s and acids. I t i s possible t o dehydroxylate k a o l i n i t e 
by heating i t above 500°C, when i t transforms i n t o an X-ray 
amorphous phase known as meta—kaolinite^. 
The extent of the chemical r e a c t i v i t y of k a o l i n i t e i s 
the exchange of cations and anions on i t s surface and 
i n t e r c a l a t i o n . The process of i n t e r c a l a t i o n consists of polar 
molecules entering betv/een the k a o l i n i t e layers and forming 
hydrogen bonds w i t h the layers . As the layers are forced 
apart the 001 X-ray r e f l e c t i o n i s s h i f t e d from 7*15 ^ to 
depending on the i n t e r c a l a t i n g compoxmd used ' , 
In te rca la t ion can be achieved v/i th potassium acetate, urea, 
dimethyl sulphoxide, hydrazine and formamide among others^ '^^*^^ '^^, 
The process obviously has the e f f e c t of a l t e r i n g the or ienta t ions 
of the hydroxyls involved i n the i n t e r - l a y e r bonding^^ 
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4.5J Morphology of k a o l i n i t e 
The morphology of k a o l i n i t e has been the subject of 
comprehensive reviews by Bates , and Van der Marel and Beutelspacher 
hence only a b r i e f out l ine i s presented below. 
The v a r i a b i l i t y i n the shape of c rys t a l s of the kao l in 
minerals i s almost as great as that or the clay mineral group 
as a whole. The basic forms commonly observed are, the sphere, 
cyl inder and pseudo-hexagonal p la te . I t should be noted that 
i n general the greater the c r y s t a l l i n i t y the more l i k e l y the 
par t i c les are to show the pseudo-hexagonal form. Thus i t can 
be said that i n an assay of clay minerals by e lec t ron-op t ica l 
techniques, the existence of one or more 120° angles on the 
edge of a plate or f l ake of uniform thickness i s reasonable 
evidence f o r the existence of k a o l i n i t e . 
I t should be emphasised that the co r r e l a t i on between 
c ry s t a l chemistry, genesis and morphology of the c lay pa r t i c les 
•50 
has received very l i t t l e a t ten t ion . Preliminary work has been, 
presented by Hinckley"^^ ar4 Conley'*^. 
There have been fev; studies of the morphology of synthetic 
kao l in i t e s using the electron microscope, E i t e l c t a l . '^^ 
studied N o l l ' s synthetic kaolinite^-^v/hich showed a plateymorphology 
compcirable to that of Z e t t l i t z k a o l i n i t e . Roy and Osboume^ 
state "kao l in i t e or a mineral of the k a o l i n i t o group v/as 
synthesised from co-precipi ta ted ^^2^3" ^^ 2^ between 
150° and 405*^ 0 under varying water pressure. I d e n t i f i c a t i o n 
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was made by X-ray d i f f r a c t i o n and i n some cases the c rys ta l s 
v/ere we l l enough formed t o show d i s t i n c t i v e shapes under the 
electron-microscope." The appearance of pseudo-hexagonal 
p la te le t s i n synthetic k a o l i n i t e i s not common. Rayner^^has 
examined synthetic kao l in i t e s by electron microscopy 
and has found them to have a "hedgehog l i k e " morphology, even 
though X-ray d i f f r a c t i o n shows them to have a very good 
c r y s t a l l i n i t y . Pseudohexagonal p la te le t s were seldom observed 
i n the work of DeKimpe.Pripiat ,Herbil lon, Gastuche et a l ^ ^ . 
Rodji^iquc et a l . invest igated the development of k a o l i n i t e 
par t i c les at d i f f e r e n t stages of synthesis. Their work 
showed the k a o l i n i t e forming as very t h i n membranes v/hich 
at an early stage i n the synthesis tend to be crumpled. As 
the synthesis developed the k a o l i n i t e formed i n t o layer 
aggregates. Hov/ever the appeai^ace of an edge w i t h a 120° 
angle present was rare . 
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CHAPTgR 5 
Synthesis of Kaol in i t e 
5*1 In t roduct ion 
The exact conditions and *:he molecular processes involved 
i n the formation of k a o l i n i t e are s t i l l unknown. Although 
i n nature k a o l i n i t e minerals form under a wide range of 
temperatures (l5^ t o 405°)^ laboratory synthesis i s best 
o o 
achieved at temperatures i n excess of 250 C Laboratory studies 
of the low temperature formation of k a o l i n i t e (l5*^ t o 200*^ C) 
2 
are hampered by the extremely slow k i n e t i c s of react ion 
although some progress has been made to speed up the reaction 
by the inc lus ion of organic acids i n the react ion mixtures,^ 
5.2 Formation of Kaol ini tes i n Hsture 
A comprehensive discussion of the natural form.i t ion of 
k a o l i n i t e i s presented by K i l l o b . " Broadly speaking there 
are two main natura l processes of formation of k a o l i n i t e 
v/hich are described as hydrothermal a l t e r a t i o n and v/eathering. 
Il.ydrothermal a l t e r a t i o n i s the resul t of t ransformation 
en masse of c r y s t a l l i n e rocks, metamorphic or volcanic , under 
the influence of deep hydrotherraal solut ions.probably i n the 
o o 
temperature range 250 t o 405 C. In the case of gramite, the 
hydrothermal solut ions i n i t i a l l y take away the a l k a l i ions 
and a cer ta in amount of s i l i c a , causing the environment to 
become s l i g h t l y acid , and k a o l i n i t e can then form. The 
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conditions created are such as to exclude the formation of 
most other clay minerals and are important fac tors which 
determine the p u r i t y of many k a o l i n i t e deposi ts . The lower 
temperature l i m i t f o r formation i s uncertain v/hile the upper 
l i r . : i t i s set by the dehydroxylation of the k a o l i n i t e ^ . 
Prom i t s occurence i n so i l s i t i s evident tha t k a o l i n i t e 
also forms tinder normal temperatures by v/eathering. (l5^ to 40°C) 
The process i s loosely termed"kaolinisation' For the v;eathering 
of feldspars the i n t i a l process i s hydrolys is by which the 
elements iv i th in the feldspar are released i n t o s o l u t i o n . 
Under conditions of high percolation the a l k a l i and s i l i c a t e 
ions are removed from the feldspar- Kao l in i sa t i on occurs 
^ 7 
l a t e r from the f u r t h e r hydrolysis of the remaining rock. ' 
The extent to which organic matter a f f e c t s the formation 
of keiol in i te has been the subject of some recent experimental 
work and s p e c u l a t i o n . N o r m a l l y aluminium i s p r a c t i c a l l y 
insoluble i n water i n the pH range 4 to 8 and especial ly i n 
the presence of s i l i c a . However Huang and Kel ler^^ have found 
that cer ta in organic acids ( f u l v i c , t a r t a r i c , s a l i c y l i c , tannic) 
increase the s o l u b i l i t y of alumina to the point v;here, i n 
some cases, i t i s equally as soluble as s i l i c a , (l50p.p,m AlgO^ 
cind 140 p.p.ra SiO^) I t i s thought that t h i s mechanism of 
increasing the concentration of alumina i n ground water was 
12 13 
important i n the formation of the feunous Keokuk k a o l i n i t e ' 
The process of weathering i n nature has been studied 
by Delvigne and Martin using the electron microprobe to measure 
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the presence or absence of various ions . They have shown that 
i n the early stages of the weathering of feldspars the degree 
of leaching of the various ions d i f f e r s considerably. For the 
a l k a l i ions the leaching i s complete, that of the s i l i c a being 
extensive, while most of the alumina remains i n the fe ldspar . 
Further weathering of the feldspar i n t h i s condit ion resu l t s 
i n the formation of k a o l i n i t e . 
5.3 Formation i n the Laboratory 
5»3»1 In t roduct ion 
In spite of the considerable work which has been reported 
on the succescful synthesis of k a o l i n i t e i n the laboratory 
the processes involved are f a r from understood* Most recent 
publications on synthesis re la te to the formation of k a o l i n i t e s 
at low tcmperatures( less than 200*^ 0). 
5*3*2 Basic Hydrothermal Methods 
Synthesis of k ao l i n i t e was reported by many authors 
during the period 188?^^ to 1932^ .^ However, few reports 
included analysis of the products by X-ray d i f f r a c t i o n , the 
most important and unambiguous method of i d e n t i f y i n g k a o l i n i t e . 
H o i i i n 1932 using X-ray d i f f r a c t i o n techniques f o r analysis 
of samples presented a f a i r l y comprehensive study of the 
system 1^^ 0^  - SiO^ - H^O v/ith varying composition and temperatxire 
Nol l prepared h is synthetic k a o l i n i t e by hydrotherraally react ing 
18 20 mixtures of AlCl^ and ^^ 2^^ ^^ 3 • Ei^el and Insley 
used a more intimate mixture of an a lumino-s i l ica te ge l 
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produced by adding sodixun s i l i c a t e so lu t ion to an aliiminium 
sulphate so lu t ion and neu t r a l i s i ng v;ith sodium hydroxide. 
The prec ip i ta te was washed v;ith water. Such a gel when 
reacted hydrothermally produced k a o l i n i t e at a temperature 
o o of 310 C and d i c k i t e was thought to'have been* formed at 345, 
350*, and 365°C . I t was argued that d i c k i t e formed as a 
resu l t of the higher teraperatiire and pressiire. 
Roy and Osborn^ reported a very comprehensive experimental 
sturvey of the hydrothermal a l t e r a t i on of the system ^^2^^ " 
SiO^ - H^ O . Alumino-s i l ica te gels prepared by the method 
of Swel and Insley v/ere used and great care was taken t o remove 
any traces of sodium by washing and c loc t rod i a ly s i s of the gels . 
Some gels vj:ere prepared from e thy lo r thos i l i ca t e and aluminium 
n i t r a t e to eliminate the presence of Na^ O which otherwise 
might have poisoned the development of k a o l i n i t e . Prom t h e i r 
resu l t s phase diagrams v.ere dravm f o r various temperature 
ranges. I t was not possible to d i s t ingu ish between d i c k i t e , 
k a o l i n i t e and nacr i te because pa r t i c l e sizes v;ere s u f f i c i e n t l y 
small to give somewhat d i f f u s e X-ray d i f f r a c t i o n pat terns . 
Hov?ever i t v/as pointed out that some samples resembled d i c k i t e 
or nacr i te more closely than k a o l i n i t e , " but no trends could 
be found ind i ca t i ng that cer ta in temperature / pressure ranges 
fr.voured formation of nacr i te or d i c k i t e . " 
Factors other than temperature and pressure appear to 
be responsible f o r the formation i n nature of nacr i te and 
d i c k i t e instead of k a o l i n i t e . Roy and Osborn also found that 
62 
above 405°C , f o r the appropriate S iO^ ' / Al^O^ r a t i o 
of the gel» k a o l i n i t e d id not form but instead a new phase 
appeared, which they cal led h y d r a r g i l l i t e . Above 450°C 
pyrophyl l i t e formed. 
21 
I t can be concluded, from the v/ork of Nol l and Roy 
and Csborn^ that f o r a mixture of 1^^ 0^  : SiO^ greater than 
or equal t o 1 : 2 heated i n water at 150° t o 405°C k a o l i n i t e 
i s formed. Mixtures wi th a higher s i l i c a content form, i n 
addi t ion to k a o l i n i t e , amorphous s i l i c a , v;hile mixtures r i cher 
i n alxunina produce boehmite. 
The k i n e t i c s of hydrothermal react ion of si l ico-nlumaia 
2 
gels have been studied by Rayner . Gels were prepared by 
neu t r a l i s ing a mixture of sodium s i l i c a t e and sodium aluminate 
solut ions . The precipi ta te was then washed wi th water and 
amm onium nitra. te solut ion to remove the sodium ions . The 
ammonium v/as expelled by heating to 500^ 0 and the gel was then 
hydrothermally reacted at various temperatures t o produce 
k a o l i n i t e . By extrapolat ing his resul t s he showed that at 
200^ 0 the time required f o r a 50^ y i e l d of k a o l i n i t e was 
160,000 years. 
5.3.3 Hydrothermal Reaction of Minerals to Form K a o l i n i t e 
Many workers have hydrothermally reacted various minerals 
to obtain >polinite^^'^^»^^»^5,26,27^ Dia.^rrams dcscribin /r the 
chemical s t a b i l i t y of reaction mixtures have been presented by 
Heraley^^'^^ and Garrels and C h r i s t ^ ° (. f i g u r e 5»1 ) . I t has been 
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S t a b i l i - t y diagra-ns f o r the va r ious m i n e r a l assemblic! ,30 
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shown tha t i n order t o decompoBe f e l d s p a r an a c i d s o l u t i o n 
23 
18 r e q u i r e d , and t h a t the products o f decomposi t ion depend 
not o n l y on the temperature and pressure o f the system t u t 
a l so on the r e l a t i v e compos i t ion o f the chemical components. 
Thus k a o l i n i t e w i l l form i n an a c i d environment as l o n g as 
the AlgO^: SiO^ r a t i o i s "between 1:2 and 1:4 
31 32 Pedro and Correns have s imula ted the process o f 
v/eathering by ageing povjdered minera ls i n wa te r . P e r i o d i c a l l y 
s o l u t i o n s were wi thdrawn and t e s t e d f o r ions i n s o l u t i o n . 
Correns has shown t h a t s i l i c a and the a l k a l i i ons pass i n t o 
s o l u t i o n more r e a d i l y than a lumina, which prohahly remains as 
an amorphous c o a t i n g on each p a r t i c l e o f the m i n e r a l . S i m i l a r 
27 
r e s u l t s were ob ta ined by Radoslovich and B r i n d l e y who 
hydro the rmal ly r eac ted SEimples o f f e l d s p a r s . I t i s thought 
t h a t the con t inued ageing o f the amorphous alumina l a y e r r e s u l t s 
8 
i n the f o r m a t i o n o f k a o l i n i t e . 
Recently Tchoubar and Oberlin"^"^ ( w i t h the a i d o f the 
e lec t ron-microscope ) obseirved the e f f e c t o f water a t 200°C 
on the (OOl) faces o f a s i n g l e m i c r o c r y s t a l o f a l b i t e . They 
observed the e p i t a x i a l f o r m a t i o n o f f i b r e s o f boehmite on the 
a l b i t e su r f ace . The boehmite appesired i n a p o o r l y c r y s t a l l i s e d 
s t a t e w i t h on ly a c e r t a i n degree o f o r d e r i n g a long t he c a i i s 
( i . e . a two dimensional o r d e r i n g a long the f i b r e a x i s ) • 
When the m i c r o c r y s t a l was r eac t ed i n oure water the f i b r e soon 
c r y s t a l l i s e d i n t o th ree d imensional boehmite c r y s t a l s . I f 
100 p . p.m. o f s i l i c a v/ere present i n the wa te r , then when 
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the boehmite appeared i t r eac t ed w i t h t he s i l i c a t o f o r m l c a o l i n i t e » 
I t i B thought t h a t the p o o r l y formed "boehmite t h a t f i r s t 
appears i s r i c h i n a c t i v e s i t e e ^ ^ , V/hen 700 p . p .m. o f s i l i c a 
was present i n the water a t h r ee l a y e r m i n e r a l s i m i l a r t o 
b e i d e l l i t e formed on the a l h i t e s u r f a c e . 
5»3»4 Synthesis o f K a o l i n i t e a t Lower Temperatures, 
The f o r m a t i o n of k a o l i n i t e at temperatures lov;er than 
those at which i t i s e a s i l y formed i n the l a b o r a t o r y (approx 200*^C) 
can he achieved o n l y w i t h g rea te r c o n s t r a i n t s on the r e a c t i o n 
c o n d i t i o n s , namely pH and the nature and compos i t ion o f the 
s t a r t i n g m a t e r i a l s . 
C a i l l e r e , Henin and co-workers (l954-6l)^^ synthes ised a 
number of c l a y mine ra l s a t low temperatures ( l e s s t han lOO^C) 
but f a i l e d t o produce the aluminous c l a y s . The i r work i n d i c a t e d 
t h a t c l a y minera l s form by the f i x a t i o n o f s i l i c a on a l aye red 
hydroxide sheet . A necessary c o n d i t i o n t o be s a t i s f i e d f o r the 
f o r m a t i o n o f a l a y e r e d hydroxide s t r u c t u r e seemed t o be the 
hexacoord ina t ion o f the c a t i o n i n the presence of t e t r a h e d r a l 
s i l i c a . I n order t o s t a b i l i s e s i x - f o l d coord ina t ed aluminium 
Wey and S i f f e r t ^ ^ ' " ^ ^ formed an alxuniniura sodixira o x a l a t e complex 
and by res ic t ing i t s l o w l y w i t h a d i l u t e s o l u t i o n o f s i l i c a they 
were able t o f o r m a ' p r o t o k a o l i n ' type m a t e r i a l , w h i c h produced 
a broad d i f f u s e X- ray r e f l e c t i o n a t 7 1 . Wi th a l l low temperature 
synthes i s the process seems t o be l i m i t e d by the amount of 
s i l i c a present i n s o l u t i o n . At a concen t r a t i on o f I4O p .p .m. 
66 
of s i l i c a ( a t 25^C) an aqueous s o l u t i o n i s s a t u r a t e d - w i t h 
monomeric s i l i c a u n i t s . Any f u r t h e r s i l i c a i n s o l u t i o n w i l l "be 
i n t h e form o f polymerised s i l i c a and as such appears t o "be 
much l e s s r e a c t i v e ^ ^ . 
One o f the reasons t h a t the f o r m a t i o n o f a l u m i n o - s i l i c a t e 
c l a y minera ls i s d i f f i c u l t i n the l a l ) o r a t o r y i s due t o the 
sma l l s i ze o f the A l ^ ^ c a t i o n , which , t oge the r w i t h t he h i g h 
charge, r e s u l t s i n the t i g h t b i n d i n g o f the sphere o f h y d r a t i o n 
assoc ia ted v / i t h Al^"*", and thus slows dovm the r a t e o f r e a c t i o n 
Also Pau l ing ' s f i r s t r u l e o f c r y s t a l chemis t ry , t h a t the 
c o o r d i n a t i o n niunher i s a f u n c t i o n o f the c a t i o n / a n i o n r a d i i , 
places the Al"* i o n betv/ecn f o u r - f o l d and s i x - f o l d c o o r d i n a t i o n 
U s u a l l y f o u r - f o l d c o o r d i n a t i o n i s expected f o r A l ^ ^ , a l though 
i n c e r t a i n c i rcumstances , as i n k a o l i n i t e , i t i s s i x — f o l d 
coo rd ina t ed . 
I n the v;ork o u t l i n e d above, i t was apparent t h a t the 
na tu re of the s t a r t i n g m a t e r i a l i s a v e r y importcint f a c t o r i n 
the synthes is o f k a o l i n i t e . Consecpiently P r i p i a t , Gastuche, 
DcKimpG and cov/orkers"^*^ '"" undertook a s e r i e s o f experiments 
t o determine, more p r e c i s e l y , the r e l a t i v e c o n c e n t r a t i o n of 
alumina v/hich f avou r s the hexacoord ina t ion o f a lumin ium. I n 
the hydrotherraal r e a c t i o n o f the a l u m i n o - s i l i c a t e g e l , an a c i d 
pH f avou r s h e x a c o o r d i n a t i o n , w h i l e the presence o f £in e l e c t r o l y t e 
p a r t i a l l y i n h i b i t s i t , ( f i g u r e 5*2) I n p a r t i c u l a r , i t was 
found t h a t the hydrothermal r e a c t i o n o f a p r e - g i b b s i t i c ge l v / i t h 
e t h y l o r t h o s i l i c a t e i n a c i d c o n d i t i o n s a t 175^C produces a 50?^  
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y i e l d o f k a o l i n i t e w i t h d i s t i n c t pseudohexagonal o u t l i n e s . 
Al though the importance o f s i x - f o l d coo rd ina t ed A l ^ ^ i n the 
s t a r t i n g m a t e r i a l v/as e s t ab l i shed i t was found t o be no t the 
on ly necessary c o n d i t i o n f o r the low temperature syn thes i s o f 
k a o l i n i t e . For example, g i b b s i t e , i n which the aluminium i s 
hexacoo rd ina t ed j i s t oo s t a b l e t o be r e a d i l y a t t acked by 
depolymerised s i l i c a s o l u t i o n s . The f o r m a t i o n o f k a o l i n i t e 
v;as not poss ib le unless the alumina phase was i n a 'dynamic ' 
s t a t e , where the l a t t i c e was on the p o i n t o f r e o r g a n i s a t i o n 
i n t o boehmite, a l though boehmite i t s e l f i s a l so u n s u i t a b l e . 
Thus DeKimpe and Fr ip ia t"^^^ observed the a l t e r a t i o n o f a 
z e o l i t e ( t o t a l l y t e t r a h e d r a l Alu.Tiinium) t o k a o l i n i t e under 
a c i d hydrothermal c o n d i t i o n s . They s t a t e d t h a t the r e a c t i o n 
probably procoeds by the f o r m a t i o n o f S i - O - A l ^ ^ l i n k s ^ ^ " ' 
The gels used by DeKimpe^ aiid coworkers-"^^ were p r e c i p i t a t e d 
by the c o h y d r o l y s i s of e t h y l o r t h o s i l i c a t e and al i iminium 
i so -propoxide t a technique which reduces the con tamina t ion 
of the gels by f o r e i g n anions and c a t i o n s . I t i s knovm tha t 
i m p u r i t y ca t i ons p r o h i b i t the f o r m a t i o n o f the s i l i c i c framework^, 
v /h i le t races of anions i n h i b i t the growth o f the oc tahedra l 
38c 
l a y e r 
Dennfeld), S i f f e r t and V/ey^^ reac ted mix tures o f g i b b s i t e 
and amorphous s i l i c a , and showed t h a t t he syn thes i s o f k a o l i n i t e 
occurs a t 1 1 * 5 b y the combined a c t i o n o f aluminium complexing 
organic ac ids , and gr inc t ing the g i b b s i t e . They argued t ha t t h e 
synthes is proceeded by the slow ddssolvTing o f the g i b b s i t e and i t s 
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r e a c t i o n v / i t h the s i l i c a t o fo rm k a o l - i n i t e . Th i s p o i n t o f viev/ 
was l a t e r supported by the obse rva t ion o f the r e a c t i o m o f the 
m i x t u r e i n s t rong m i n e r a l ac ids v / i t h improved r e s u l t s ^ ^ , 
Rodrique, Poncelet and Herb i l l on^^have shown t h a t i f 
V I 
A l i s polymerised w i t h i t s e l f i n a s i l i c o - a l u m i n a g e l , 
^a c r y s t a l l i n e al i imina phase forms upon hydrotherraal r e a c t i o n . 
I n a s i l i c a r i c h a l u m i n o - s i l i c a t e g e l , t he alumina i s i n t i m a t e l y 
mixed w i t h the s i l i c a ( f i g u r e 5-3)^^. As the alumina i s not i n 
a separate phase i t does not c r y s t a l l i s e t o boehmite upon 
hydrothermal r e a c t i o n , b u t i n t e r a c t s v i i t h t he s i l i c a t o form 
k a o l i n i t e . Gels v/hich are r i c h e r i n a l i imina w i l l show the 
presence of boehmite v / i t h the k a o l i n i t e formed i n the 
hydrothermal r e a c t i o n , The f o r m a t i o n o f k a o l i n i t e , a s descibed 
by Rodrique et a l , ^ ^ w i t h s i l i c a r i c h g e l s , takes place by the 
s u b t r a c t i o n of s i l i c a f rom the ge l and the subsequent 
s i l i c i f i c a t i o n o f the poor ly ordered aluminous s t r u c t u r e . 
The process of synthes is v i a s i l i c a s u b t r a c t i o n c l e a r l y 
4 8 
p a r a l l e l s the f o r m a t i o n o f k a o l i n i t e i n n a t \ i r e . ' 
5.3.5 Synthesis of k a o l i n i t e a t room temperature 
Linares and Huertas^ have r epo r t ed t he syn thes i s o f 
k a o l i n i t e a t lov/ temperatures by the age ing o f s o l u t i o n s of 
monomeric s i l i c a (I40 p , p , m , ) and aluminivim ^ f u l v i c a c i d 
s o l u t i o n s . The f u l v i c a c i d , commonly foxmd i n s o i l s , s t a b i l i s e d 
s i x - f o l d c o o r d i n a t i o n o f the aluminium v/hich s l c . / l y p r e c i p i t a t e d 
as a p r e g i b b s i t i c s t r u c t u r e . For a ^xO^/ Al^O^ molar r a t i o 
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g rea te r than approximate ly 1»4 the s i l i c a r eac ted w i t h ' t h e 
p r e g i b b s i t i c s t r u c t u r e , as i t formed, t o produce k a o l i n i t p . 
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CHAPTER 6 
Methods of Synthesis Ejnployed and I n i t i a l Resu l t s 
6.1 I n t r o d u c t i o n 
A d e t a i l e d understanding o f the exact processes i n v o l v e d 
i n the f o r m a t i o n of k a o l i n i t e i s ye t t o be achieved. The l a c k 
o f success i n doping s y n t h e t i c k a o l i n i t e w i t h Pe^ "*" prov ided 
the main i n c e n t i v e f o r t h i s work .^ A v a r i e t y of techniques 
of synthes is and doping v/ere at tempted t o f i n d the most 
success fu l method f o r producing doped k a o l i n i t o o f h i g h 
c r y s t a l l i n i t y . 
6.2 Methods o f Synthesis Eknployed 
6.2.1 Apparatus 
The vessels used f o r the h^drothermal r e a c t i o n s were 
e i t h e r glass ampoules f o r the lovier temperatures (l75-260^C) 
or s t a i n l e s s s t e e l pressure vessels f o r h ighe r temperatures 
(260 - 300°C) f i g . 6.1 and 6.2 . The pyrex glass ampoules 
c o u l d on ly be used a t lov;er temperatures because a t h igher 
temperatures the seals veve t o o weak and t he hydrothermal 
s o l u t i o n d i s s o l v e d the s i l i c a i n the pyrex g l a s s . To e l i m i n a t e 
the danger of explosions the glass ajnpoules v;ore h e l d i n copper 
tubes f i g . 6.1 . The copper tubes v;ere clamped on a sp ind le 
i n s i d e the f u r n a c e . Temperatures v/ere c o n t r o l l e d t o w i t h i n 
+ 2°C by E\irotherm PIDI c o n t r o l l e r s 

















fig.6.2. Diagram o f the T u t t l e Bomb ueed i n the 
hydrothermal experiments 
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m o d i f i e d s t a i n l e s s s t e e l T u t t l e bombs, l i n e d and plugged w i t h 
PTPE were u s e d ^ ( f i g . 6 . 2 ) . The p r o b a b i l i t y o f leakage or 
explos ion of the PTFE l i n e r s due t o the h i g h water vapour 
pressure v/as balanced by hav ing v/ater svirrounding the PTPE 
l i n e r s , which v;ere sealed w i t h i n the s t a i n l e s s s t e e l bombs. 
Al though PTFE loses . some of i t s phys i ca l s t r e n g t h above 
temperatures of 250^C i t does remain c h e m i c a l l y i n e r t up t o 
temperatures of 320°C ^. Provided, t h e r e f o r e , the pressures 
were balanced, the upper l i m i t i n temperature was set by the 
chemical p rope r t i e s of the PTPE at 320^C . I n t h i s work 
the temperature of r e a c t i o n v/as u s u a l l y 280^C + 5^ . At 
t h i s temperature, i v i t h b lank s o l u t i o n s and undoped r e a c t i o n 
mixtxi res , i t was found t h a t the amount of i r o n leached f rom 
the T u t t l e bomb and poss ib ly subsequently con tamina t ing the 
r e a c t i o n mix ture v:as not de tec tab le by E.S.R, 
The times of r e a c t i o n v a r i e d f rom 4 -7 days f o j - the 
h igher temperatures t o 14 - 15 days f o r the lower temperatures 
6 .2 .2 Methods o f I d e n t i f y i n f : the Syn the t i c K a o l i n i t e 
The va r ious c r y s t a l l i n e phases synthes ised were i d e n t i f i e d 
q u a l i t a t i v e l y by X-ray d i f f r a c t i o n . For q u a n t a t i v e a n a l y s i s 
by X-ray d i f f r a c t i o n samples should p r e f e r a b l y be i n complete 
random o r i e n t a t i o n v/hich f o r k a o l i n i t e , because o f i t s p l a t e -
l i k e morphology, i s very d i f f i c u l t t o ach ieve . P a r t i a l 
o r i e n t a t i o n of samples combined w i t h t h e i r d i f f e r i n g degrees 
of c r y s t a l l i n i t y t end t o produce wide d e v i a t i o n s i n r e s u l t s 
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002 
X-ray crystallinity = ^ B + C D 
fig-6-3. Diagram showing the measurement of the X-ray c r y s t a l l i n i t y 
index from the X-ray d i f f r a c t i o n p a t t e r n of k a o l i n i t e . 
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f o r q u a n t i t a t i v e a n a l y s i s , ^ The wide range of morphology 
and c r y s t a l l i n i t y and the presence of other phases i n the 
s y n t h e t i c k a o l i n i t e s produced i n t h i s work made q x i a n t i t a t i v e 
measurement hy X-ray d i f f r a c t i o n d i f f i c u l t , i f not i m p o s s i b l e . 
The s y n t h e t i c samples were prepared f o r X-ray d i f f r a c t i o n 
"by compacting a small amount on a t h i n g l a s s s l i d e v;hich 
was h e l d i n an al\iminium holder with P l a s t i c i n e , 
X-ray d i f f r a c t i o n can be used as a measiire of c r y s t a l l i n i t y 
of k a o l i n i t e by measttring the r a t i o s of peaks u n a f f e c t e d 
by o r i e n t a t i o n ^ . H i n c k l e y ' s method was used i n t h i s v;ork 
( f i g 6.3).Woble^ has shov/n t h a t t h i s measurement i n d i c a t e s 
the degree of m i s t a c k i n g of the l a y e r s , i d e n t i f i e d a s an 
nb/3 s h i f t of one l a y e r with res p e c t t o the next. 
6.2.3 S y n t h e s i s from A l b i t e ( F e l d s o a r ) ' ^ ' ^ 
Samples of a l b i t e were ground past 200 mesh and r e a c t e d 
i n a c i d and n e u t r a l c o n d i t i o n s at v a r y i n g temperatures i n 
the range 200 to 230^0 i n the pyrex g l a s s cimpoules for- 14 days. 
As the a l b i t e v/as knovm to co n t a i n Fe^^ observable by S.S.R, 
i t was hoped t h a t i f any k a o l i n i t e formed i t would have Pe"^ 
s u b s t i t u t e d w i t h i n the l a t t i c e . Hovfever the y i e l d of k a o l i n i t e 
V7as v e r y low and of poor c r y s t a l l i n i t y , probably due t o the 
high concentration of impurity ions, e s p e c i a l l y a l k a l i ions, 
a s s o c i a t e d v/ith the f e l d s p a r . 
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6.2,4 Sy n t h e s i s from Hontmorlllonite^*-^^'^^ 
Aliiminiura - hydroxy - i n t e r l a y e r e d montmorillonites 
were prepared "by mixing a 45^  suspension of montmorillonite 
v;ith A l C l ^ (.IM) and adding (O.IH) NaOH dropv/iee, w i t h c o n s t a n t 
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stii-^ring u n t i l the pH v/as 4.9 . Af t e r ageing f o r a fetv weeks 
the complex was re a c t e d i n IM HCl f o r 14 days i n the g l a s s 
ampoules at 220^0 with constant a g i t a t i o n . The r e a c t i o n produced 
k a o l i n i t e , although the y i e l d a s noted from the i n t e n s i t y 
of the X-ray d i f f r a c t i o n p a t t e r n was low. Under the e l e c t r o n 
microscope i t v/as apparent that the k a o l i n i t e that had formed 
showed v;cll d efined pseudohexagonal o u t l i n e s , although there 
v/as a c e r t a i n amount of ae:,:p?egated s h a p e l e s s matter a l s o 
present. The E.S.R. spectrum d i d not resemhle t h a t of n a t u r a l 
k a o l i n i t e . The r e s u l t s of t h i s experiment are i n c o n t r a s t 
with those of Poncelet and B r i n d l e y ^ ^ v/ho observed " abundant 
w e l l c r y s t a l l i s e d k a o l i n i t e " but are s i m i l a r t o the r e s u l t s 
of O b e r l i n and Conty^^ whose y i e l d of k a o l i n i t c v;as a l s o lot/. 
I t i s w e l l known that n a t u r a l montmorillonites v a r y c o n s i d e r a b l y 
both i n chemical and p h y s i c a l p r o p e r t i e s depending on t h e i r 
o r i g i n . Therefore i t seems q u i t e l i k e l y t h a t some u n i d e n t i f i e d 
v a r i a b l e prop6rty of the montmorillonite used i n the * experiments 
v/as an important f a c t o r i n determining the v a r i a t i o n s i n 
the q u a l i t i e s of the s y n t h e t i c k a o l i n i t e s . 
6.2.5 S y n t h e s i s from P r e g i b b s i t i c Gels and C i b b s i t e , and S i l i c a ^ ^ 
P r e g i b b s i t i c g e l s were prepared by adding O.lM NaOH. 
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to O.IM A l C l ^ u n t i l the pHi was 4.9- When the r e s u l t i n g , l i q u i d 
was d i a l y s e d a g a i n s t water f o r fo\ir weeks, i t became s l i g h t l y 
t u r b i d , i n d i c a t i n g the presence of polymerised Al(OH)^ u n i t s ^ ^ , 
Doping with i r o n was attempted by i n i t i a l l y adding s m a l l amounts 
of P e C l ^ t o the A l C l ^ . 
G i b b s i t e was prepared by p r e c i p i t a t i n g Al(OH)^ from 
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IM A l C l ^ by adding IM NaOH to pH 5. Tha- mixture was d i a l y s e d 
a g a i n s t water and a f t e r f i v e weeks g i b b s i t e was found t o be 
presont#^^ Doping was achieved by the same method a s i n the 
case of the p r e g i b b s i t i c gel# The g i b b s i t e produced, shov/ed 
an E.S.R. spectrum ( i n the g=4 region) v e r y s i m i l a r t o t l i a t 
of n a t u r a l k a o l i n i t e . ( f i g u r e 6.4) 
A. g i b b s i t o of good c r y s t a l l i n i t y was a l s o obtained from 
the B r i t i s h Aluminium Company, which v;as r e a c t e d w i t h s i l i c a 
i n an attempt t o form k a o l i n i t e . 
The p r e - g i b b s i t i c gel and g i b b s i t e s v/ere r e a c t e d 
hydrothermally vfith c o l l o i d a l s i l i c a i n a c i d c o n d i t i o n s at 
200 to 220^0 f o r I4 days i n the g l a s s ampoules, and a t 280°C 
f o r 7 days i n the s t a i n l e s s s t e e l bombs. K a o l i n i t e and boehmite 
formed i n a l l c a s e s , although the k a o l i n i t o was poorly c r y s t a l l i n e . 
D i f f e r e n c e s i n tfie E.S.R. s i g n a l s , at g=4> betv/een the 
s y n t h e t i c g i b b s i t e and the k a o l i n i t e subsequently formed are; 
i l l u s t r a t e d by comparing f i g u r e s 6,4 and 6.5, The e f f e c t of 
c h ^ n j i n g the £:i'bb:3itc to ^ :?,olinito reduces the three l i n e 
spectruji to a s i n g l e l i n n . I t i s evident t h a t some major 
change o c c u r r s i n the- g i b b s i t e , as the t h r e e l i n e s'pectrujn 
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PIG. 6.4 E.S.R; spectrum of a f e r r i c 
doped s y n t h e t i c - k a o l i n i t e . 
PIG. 6.5 E.S.R. spectrum of a s y n t h e t i c 
k a o l i n i t e prepared from a f e r r i c doped 
s y n t h e t i c g i b b s i t e and c o l l o i d a l s i l i c a . 
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d i d not become more r e s o l v e d as one might have expected, i f the 
s i l i c a was merely f i x e d * t o the g i b b s i t e l a y e r s , when the 
k a o l i n i t e was formed. I t i s probable t h a t the g i b b s i t e i s 
d i s o l v e d by the a c i d , forms an a c t i v e phase,which r e a c t s w i t h 
the s i l i c a t o form k a o l i n i t e . 
6.2.6 S y n t h e s i s from s i l i c o - a l u m i n a g e l s 
S i l i c o - a l u m i n a g e l s were prepared by the c o h y d r o l y s i s of 
t e t r a e t h y l s i l i c a t e and aluminium iso-propoxide i n a l a r g e 
volume of water ( t y p i c a l l y 15g aluminiiim iso-propoxide, 22 ml 
t e t r a e t h y l s i l i c a t e , i n 800 ml w a t e r ) ^ ^ . 
The t e t r a e t h y l s i l i c a t e was u s u a l l y added a t once to the 
ii/ater as i t hydr o l y s e s much more slov/ly than the aluminium 
iso-propoxide, which was added slowly throughout the day, and 
the mixture l e f t to hydrolyse overnight w i t h continuous s t i r r i n g . 
The g e l was recovered as a powder by removing the ex c e s s water 
i n a r o t a r y evaporator, a t 65^C, and was ground to pass 200 
mesh. The gel was then d r i e d at llO^C p r i o r to the hydrothermal 
r e a c t i o n of t y p i c a l l y 0.5g gel wi t h 3ml water. Although t h i s 
method excluded i o n i c i m p u r i t i e s , i n c o n t r a s t t o methods v/here 
the g e l i s made from sodium s i l i c a t e and sodium aluminate, 
there was no way of determining the degree of mixing of the 
s i l i c a and alumina. I n many i n s t a n c e s some of the aluminiiim 
iso-propoxide-probably hydrolysed s u f f i c i e n t l y r a p i d l y t o 
remain as a sepa r a t e alumina phase, v/hich r e s u l t e d i n a poor 
y i e l d of k a o l i n i t e w i t h a high proportion of boehmite present. 
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The aluminium iso-propoxide v a r i e s i n i t s r a t e of h y d r o l y s i s 
because i t behaves, i n some i n s t a n c e s , as a v i s c o u s super-cx>oled 
l i q u i d which, not having c r y s t a l l i s e d f u l l y , h y d r o l y s e s more-
r a p i d l y than u s u a l w i t h the r e s u l t t h a t some of i t v / i l l have 
been hydxolyoed by atmospheric moisture before h a v i n g been 
added to the mix. I n the mix i t probably h y d r o l y s e s s u f f i c i e n t l y r 
r a p i d l y to reduce i t s r e a c t i o n w i t h the s i l i c a . Evidence f o r 
the type of behaviour j u s t d e s c r i b e d i s provided by the f a c t 
when the aluminium iso-propoxide was w e l l c r y s t a l l i s e d and s o l i d , 
the hydrothermally r e a c t e d g e l s prod'ucedi v/ell c r y s t a l l i s e d 
k a o l i n i t e s with no t r a c e s of boehmite. 
I n an attempt to overcome these problems the aluminium 
iso-propoxide was u s u a l l y r e d i s t i l l e d and then allov/ed to 
s o l i d i f y i n a d e s i c c a t o r f o r at l e a s t one v/eek b e f o r e i t was 
used. A. v a r i e t y of temperatures were t r i e d i n an attempt to 
improve the s o l i d i f i c a t i o n . However no r i g i d c o n t r o l over the 
aluminium iso-propoxide was p o s s i b l e , although, on average, 
e x e l l e n t y i e l d s of k a o l i n i t e were obtained u s i n g t h e . r e d i s t i l l e d 
aluminium iso-propoxide. 
6.2.7 Poping of the g e l s 
For ions which are s t a b l e i n n e u t r a l s o l u t i o n s , doping 
pre s e n t s fev; problems, as the r e l e v a n t s o l u b l e s a l t can be added 
as the gel i s h y d r o l y s i n g . The ions are adsorbed on the s u r f a c e 
of the gel and become bound i n the s t r u c t u r e a s the g e l continues 
to form. However Pe^^ i s extremely i n s o l u b l e \mder n e u t r a l 
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c o n d i t i o n s ' ^ and only becomes s o l u b l e i f the pH i s l e s s than 1.5 
When an \mdoped g e l was r e a c t e d hydrothermally i n t h e presence 
of a l i t t l e ^^2^3 P^ ^^ *^ ®^ f E.S.R, s p e c t r a due t o Pe^^ s i m i l a r 
t o those found i n n a t u r a l k a o l i n i t e , . were found i n t h e products.. 
The E.S.R. spectrum was dominated by the broad superexchange 
resonances of the ^^2^y 
As an a l t e r n a t i v e to the method d e s c r i b e d above, g e l s 
v/ere produced v;here FeCl^.6H20 had been added i n s m a l l amounts 
(up t o a t o t a l of 0.3g) s l o w l y throughout the h y d r o l y s i s . 
Although the g e l s subsequently formed k a o l i n i t e , the E.S.R. 
spectrtun only showed a s i n g l e l i n e at g=4t together w i t h a 
broad background resonance. On some oc c a s i o n s , when the f e r r i c 
c h l o r i d e v/as added i n a s i n g l e lump (approximately 0-3g)> 
half-way through the h y d r o l y s i s , the r e a c t e d gel produced a 
k a o l i n i t e showing a ga4 E.S.R. spectrum v e r y s i m i l a r t o that 
observed i n n a t u r a l samples of k a o l i n i t e . I t i s probable t h a t 
the Fe*^^ ions remained i n s o l u t i o n i n the v i c i n i t y of the 
lump of PeCl^.SH^O long enough to r e a c t w i t h the h y d r o l y s i n g 
g e l . The v a i a b i l i t y of the process, was probably due t o the 
v a r i a b i l i t y of the gel v:hen the FeCl^SH^O was added. Although 
t h i s technique was not completely s a t i s f a c t o r y f o r doping, 
many samples v/ere prepared i n order to i n i t i a t e a more d e t a i l e d 
E.S.R. i n v e s t i g a t i o n of s y n t h e t i c c l a y s . At the same time, i n 
order to e s t a b l i s h more c o n t r o l on the doping of the s y n t h e t i c 
k a o l i n i t e s , a number of d i f f e r e n t doping techniques were 
attempted.' 
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I n the e f f o r t t o obtain more c o n t r o l on the doping process 
warm l i q u i d aluminium iso-propoxide was doped w i t h f e r r i c 
i ons by adding small amounts of f e r r i c ethoxide, prepared by 
the method of Bradley^^. The aluminium ieo-propoxidc was then 
allowed t o cool and s o l i d i f y . The s i l i c o - a l \ i m i n a g e l s were 
prepared i n the usu a l way u s i n g the doped aluminium iso-propoxide 
v/ith undoped t e t r a e t h y l s i l i c a t e and undoped aluminium 
iso-propoxide v;ith f e r r i c doped t e t r a e t h y l s i l i c a t e . F e r r i c 
ethoxide v/as chosen as a dopant because i t belongs t o the c l a s s 
of metal a l k o x i d e s which i n c l u d e aluminium iso-propoxide and 
t e t r a e t h y l s i l i c a t e . Also v/hen h y d r o l y s i s occurs the a l c o h o l 
groups are e v e n t u a l l y l o s t by evaporation and the f e r r i c ions 
remain without any anion contamination. As d i f f e r e n t metal 
a l k o x i d e s a re able to exchange t h e i r v a r i o u s a l c o h o l groups 
i t was p o s s i b l e t o obtain thorough mixing of the f e r r i c ethoxide 
i n the alurainiiim iso-propoxide and t e t r a e t h y l s i l i c a t e . The 
subsequent hydrothermal r e a c t i o n of the s i l i c o - a l u m i n a g e l s 
are summarised i n t a b l e I I . The presence of f e r r i c ethoxide 
i n the alumini\im iso-propoxide made i t hydrolyse even f a s t e r 
than i t d i d p r e v i o u s l y , producing a g r e a t e r phase s'eparation 
v/ith the consequent production of poor k a o l i n i t e together v/ith 
boehmite. The g e l s produced from the doped t e t r a e t h y l s i l i c a t e 
and undoped aluminium iso-propoxide produced a s l i g h t l y more 
c r y s t a l l i n e k a o l i n i t e v/ith S.S.R. s p e c t r a a t ^^ 4 much the same 
as those shown by s y n t h e t i c k a o l i n i t e s produced from g e l s made 
from the f e r r i c doped alimiinium iso-propoxide and undoped 
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F I G . 6.6 S.S.Jl. s p e c t r a of f e r r i c doped 
s y n t h e t i c k a o l i n i t e s produced from ; 
A, doped t e t r a e t h y l s i l i c a t e and xuidoped 
aluminixim iso-propoxide 
B, undoped t e t r a e t h y l s i l i c a t e and doped 
aluminium iso-propoxide 
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t e t r a e t h y l s i l i c a t e - ( f i g u r e 6.6). However, u s i n g the method 
j u s t o u t l i n e d , the degree of c o n t r o l d i d not g r e a t l y improve. 
V a r i a b i l i t y i n the r e s u l t s appeared t o be caused by the 
comparative r a p i d h y d r o l y s i s of the aluminiiim iso-propoxide. 
A f t e r many u n s u c c e s s f u l attempts t o improve the q u a l i t y 
of the k a o l i n i t e by v a r y i n g the processes j u s t d e s c r i b e d , 
e v e n t u a l l y a technique was found which, a s f a r as the author i s 
av/are, i s q u i t e unique and proved to be of great v a l u e i n t h i s 
work. By adding an appropriate amount of t e t r a e t h y l s i l i c a t e 
t o hot, l i q u i d aluminium iso-propoxide a c l e a r l i q u i d was 
formed. As pointed out above, metal a l k o x i d e s e a s i l y exchange 
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t h e i r a l c o h o l groups and i n the mixture formed i t was assuTied 
that such an exchange had taken place. The l i q u i d formed w i l l 
be r e f e r e d t o as l i q u i d A, 
Vihen a drop of l i q u i d A vfas added to water, h y d r o l y s i s 
immediately took place o*^  the su r f a c e of the drop to form a layer-
of g e l v/hich encapsulated the l i q u i d and pr o h i b i t e d , o^ ' slowed 
down, f u r t h e r h y d r o l y s i s , S i i i c o ^ l u m i n a g e l s were formed by 
hy d r o l y s i n g l i q u i d A i n v;ater and s t i r r i r . g f o r s e v e r a l days. 
When l i q u i d A was doped with f e r r i c cthoxide, h y d r o l y s c d and 
hydrothermally r e a c t e d , a high q u a l i t y k a o l i n i t e v/as produced. 
I t was found that i f l i q u i d A v;as l e f t i n a beaker open 
to the atmosphere, then a white p r e c i p i t a t e s t e a d i l y appeared. 
The p r e c i p i t a t e formed by the uptake of water vapour from the 
atmosphere, t o form a s i l i c o - a l v i m i n a g e l , Vfhen the l i q u i d Al 
was kept i n a s e a l e d c o n t a i n e r the p r e c i p i t a t i o n d i d not take 
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p l a c e . The a d d i t i o n of isopropanol proved t o be v e r y e f f e c t i v e 
i n preventing the appearance of a p r e c i p i t a t e whan l i q i d d A 
was i n ao open beaker. However the uptake of water continued, 
as a f t e r a few days, l i q u i d A: g e l l e d , forming a c l e a r s o l i d , 
t y p i c a l of a g e l . Doping of l i q u i d A w i t h Pe^^ v/as achieved by 
adding f e r r i c ethoxide before adding the i s o p r o p a n o l , and 
a l l o w i n g the mixture t o gel as u s u a l . 
As the l i q u i d A and isopropanol mixture aged i n the a i r 
i t became p r o g r e s s i v e l y more v i s c o u s and i t v/as d i s c o v e r e d t h a t 
a t the point p r i o r t o i t g e l l i n g , a mixtiire of water and ethanol 
c o u l d be added without p r e c i p i t a t i o n r e s u l t i n g . Thus, f o r water 
s o l u b l e ions, doping can be achieved i n t h i s manner. The a d d i t i o n 
of water speeded up the r a t e of g e l l a t i o n . 
The usual method, adopted i n the past by other v/orkers, f o r 
producing comparable c l e a r s i l i c c ^ a l u m i n a g e l s , has been to mix 
s o l u t i o n s of sodiiuD s i l i c a t e and sodiiim aluminate, a.id n e u t r a l i s e 
w i t h a c i d . The g e l s produced by t h i s method c o n t a i n a high ' 
q u a n t i t y of sodium i o n s , and a l s o anions from the a c i d , which 
even a f t e r washing remain i n the gel at r e l a t i v e l y h i g h concentrations'^. 
These impiirity i o n s i n h i b i t the s y n t h e s i s of k a o l i n i t e ^ ^ . The 
g e l s produced with l i q u i d A a r e not contaminated v i i t h irapiirity 
i o n s t o any s i g n i f i c a n t extent, and have only t o be heated t o 
500^0 to remove any remaining organic matter. The poisoning of 
the g e l s , due to f o r e i g n i o n s , was avoided and i t was p o s s i b l e 
to produce an abundant, well c r y s t a l l i s e d k a o l i n i t e , v;ith the 
f e r r i c doped samples g i v i n g a g^4 spectrxim s i m i l a r t o that 
found i n n a t u r a l samples. 
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6.3 Pr e l i m i n a r y r e s u l t s 
E.S.R. s p e c t r a of s y n t h e t i c k a o l i n i t e s , obtained from pure 
and f e r r i c doped g e l s , are compared w i t h those of n a t u r a l samples 
i n f i g u r e 6.7. The E.S.R; s p e c i r a observed f o r the f e r r i c doped 
samples i n the g=4 region a r e almost i d e n t i c a l t o those observed 
i n n a t u r a l samples. The mocrt s i g n i f i c a n t d i f f e r e n c e between 
the f e r r i c doped s y n t h e t i c c l a y and the n a t u r a l samples i s the 
absence of the go2 s i g n a l i n the s y n t h e t i c samples, which 
suggests that f o r n a t u r a l eamplea the g=2 spectrum i s not 
r e l a t e d or a t t r i b u t a b l e t o the f e r r i c i o n . Acid washing, to 
remove any amorphous m a t e r i a l , and treatment with sodium 
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d i t h i o n i t e , to remove s u r f a c e and f r e e i r o n oxide and hydroxide , 
f a i l e d to remove the gt=4 spectrum. 
Having e s t a b l i s h e d s i g n a l s at e«4 i n s y n t h e t i c samples 
i d e n t i c a l t o those found i n n a t u r a l samples, i t was a n t i c i p a t e d 
t h a t by s u i t a b l e doping i t would be p o s s i b l e to i d e n t i f y the 
n a t u r e of the s p e c i e s r e s p o n s i b l e f o r t h e g=s2 spectrum. 
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Although i t has been shovm by Angel and H a l l ' t h a t the t h r e e 
l i n e g=4 spectrum i s due to the f e r r i c i o n i n a p a r t i a l l y 
rhombic s i t e , the exact l o c a t i o n s of the f e r r i c i o n i n 
s p e c i f i c s i t e s i n k a o l i n i t e are s p e c u l a t i v e . The expsrimental 
r e s u l t s obtained from the f e r r i c doped s y n t h e t i c samples suggest 
t h a t s p e c t r a at g=2 are probably not due to the f e r r i c i o n . 
I t was p o s s i b l e , however, t h a t the g=2 spectrum of n a t u r a l 
k a o l i n i t e might be due to the f e r r i c ion i n a n e a r l y c u b i c s i t e 
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synthetic kaolinite 
Fe doped synthetic kaolinite 
natural kaalini^e 
fig.6.7. 
B.3.R.. sQCctra of v a r i o u s k a o l i n i t e s 
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w i t h a s l i g h t a x i a l d i s t o r t i o n , s i m i l a r t o t hat found i n powdered 
MgO^^, Such a c e n t r e might r e q u i r e s p e c i a l c o n d i t i o n s f o r 
s y n t h e s i s . Prom a t h e o r e t i c a l point of view i t i s known t h a t 
one of the dominant c o n t r i b u t i o n s to the zero f i e l d s p l i t t i n g of* 
the f e r r i c ion i s the Blume- Orbach mechanism^^'^^. Here the 
a x i a l component of the c r y s t a l f i e l d - admixes the e x o i t e d 
q u a r t e t s t a t e s w i t h the ground s t a t e t o produce the z e r o f i e l d 
s p l i t t i n g . The cubic component of the c r y s t a l f i e l d mixes the 
^P, ^G, and terms i n t o the l e v e l , which causes the 
s p l i t t i n g of the ground s t a t e to be f i n i t e . Hence the g r e a t e r 
the c u b i c f i e l d and the g r e a t e r the a x i a l d i s t o r t i o n , the g r e a t e r 
the z e r o f i e l d s p l i t t i n g . Thus i n a l u m i n o - s i l i c a t e s , where.the 
a v a i l a b l e l a t t i c e s i t e s are much s m a l l e r than the f i e r r i c i o n , 
the c u b i c and a x i a l components of the c r y s t a l f i e l d v / i l l be 
g r e a t e r than i n a m a t e r i a l such as HgO, v/here the dimensions of 
the l a t t i c e s i t e s are v e r y c l o s e to the s i z e of the f e r r i c i o n . 
I t should be noted' that i n the v a r i o u s a l u m i n o - s i l i c a t e m i n e r a l s 
s t u d i e d by other workers, l a r g e zero f i e l d s p l i t t i n g s have 
been found f o r the f e r r i c ion^'^'^^'^9»^^'^^. 
Because k a o l i n i t e shows E.S.R. s p e c t r a due to the f e r r i c 
i o n w i t h a l a r g e zero f i e l d s p l i t t i n g ( g r e a t e r than O.4 cm"^), 
i t i s u n l i k e l y t h a t the ga2 spectrum a r i s e s from the f e r r i c 
ion v/ithin the l a t t i c e . The only p o s s i b l e s i t e which might 
con c e i v a b l y provide a c u b i c environment v;ith s l i g h t a x i a l 
d i s t o r t i o n , i s an i n t e r l a y e r s i t e , where the f e r r i c 
ion i s nested i n a s i l i c a t e r i n g . The p o s s i b i l i t y of t h i s type 
PIG'- 6.8 
spectrum of an X - i r r a d i a t o d s y n t h e t i a 




of sul)stitution v/as investigated by i n t e r c a l a t i n g the k a o l i n i t e , 
which d r a s t i c a l l y modiifies the in t e r l a y e r environment. The 
int e r c a l a t i n g molecules enter "between the layers and form 
hydrogen bonds v;ith both the s i l i c a t e and hydroxyl layers. 
The crystal f i e l d associated with a f e r r i c ion i n an inter-iayer* 
position would be affected by such a process and one would 
expect to observe s i g n i f i c a n t changes i n the E.S.R, spectrum.. 
The results of t h i s experiment are more conveniently discussed 
i n the context of the next chapter. 
An alternative explanation f o r the ga2 spectrum i s the 
existence of some form of paramagnetic defect centre. As a 
preliminary investigation a synthetic undoped k a o l i n i t e v/as 
X-irradiated (2 hours, 30 KV, 8 mA), The spectrum shown i n 
figure 6,8 v/as obtained, which i s essentially the same as that 
obtained from an X-irradiated natural k a o l i n i t c . The only 
difference being that the natural sample has the a x i a l spectrumi 
« 
superimposed. The broad spectrum generated i s probably due 
to a hole trapped on an Al - 0 bond, v/here the Al replaces the 
s i l i c o n ion i n the tetrahedral layer, arid i s also contributed to 
by an electron trapped at an hydroxyl v>-o£:ricy i n the octahedral 
layer.. When the ir r a d i a t e d synthetic k a o l i n i t e vjas'heated t o 
200°C for three hoiirs, the g=2 signal completely disappeeired. 
Hence^  the g=2 spectrum, observed i n nat\iral k a o l i n i t e s , does 
not appear t o be a defect inherent to the i n t r i n s i c k a o l i n i t e 
st r u c t i i r e . Thus i t seemed a strong p o s s i b i l i t y that the g=2 
spectrum of the nattiral k a o l i n i t e s i s s t a b i l i s e d by the presence 
96 
of some impurity ion or specific defect w i t h i n the l a t t i c e . 
The gt,4 spectrum of the f e r r i c doped synthetic k a o l i n i t e was 
unchanged af t e r X - i r r a d i a t i o n . 
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6.4 Morphology of the Barn-bhetic; k a o l i n i t e s 
In general past experiments on: the synthesis o f k a o l i n i t e 
have shovm that the morphology o f the synthetized produc1;s does 
not resemble that of natural k a o l i n i t e . Consequently attempts 
have "been made i n t h i s work t o reproduce the morphology of natural 
products and possibly determine the factors v;hich control the 
f i n a l crystal shapes. Although perfect morphology^was observed 
i n many synthetic samples the factors influencing morphology 
po s i t i v e l y be i d e n t i f i e d . 
I n the past many of the synthetic k a o l i n i t e s had morphologies 
v;hich can best be described as •hedge-hog' l i k e ( p l a t e l a ) ^ ^ ' ^ ^ . 
In t h i s v;ork such a morphology usually appeared v/hen the pure 
silico-alumina gels were reacted i n vmter at 300^C. 
The poorer quality k a o l i n i t e s synthesized v/ere of a small 
Pcirticle size 0^0.1^) and- tended to be loosely flocced together 
(plate l b ) . The individual p a r t i c l e s v/ere very 'ragged' and i t vjas 
d i f f i c u l t to distinguish betv;een the c r y s t a l l i n e phases and any 
amorphous or unreacted gel present. 
The production of pseudo-hexagonal plates of k s o l i n i t e seen^ s 
to be preceeded by very t h i n , often crumpled, membranes (plates 2a,b) 
The background i n the top l e f t hand corner of plate 2a consists of 
extremely t h i n pseudo-hexagonal p l a t e l e t s . As the q u a l i t y of the 
kaolinite. improves the pseudo-hexagonal plates become^ more and more 
vrell formed (plates 3a,3b,4a,4b)• Nevertheless i n comparison v;ith 
nattiral k a o l i n i t e s the p l a t e l e t s appeared thinner despite ideal 
morphology. 
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I t is. i n t e r e s t i n g t o note that the kaolinite- synthesized 
fi'om the alwiinium-hydroxy-interlayered montmorillonite contained 
very v;ell formed pseudo-hexagonal p l a t e l e t s (plate 5a). These 
pla t e l e t s to "be much thicker than the "best plates obtained from 
reacted silico-alumina gels. This seems to suggest that the 
structure; and state of the s t a r t i n g materials i s important. I n 
contrast the k a o l i n i t e s formed from gihhsite and s i l i c a had a very 
poor morphology (plate 5"b). 
While no d e f i n i t e conclusions can he drawn about the factors 
influencing the morphology o f the synthetic k a o l i n i t e s certain 
general trends v/ere ohserved. 
The synthetic k a o l i n i t e s produced from hydrothermally reacted 
pure silico-alumina gels usually appocired hedge-hog l i k e and was 
probably due to rapid c r y s t a l l i z a t i o n of k a o l i n i t e i n a l l directions 
about nucleating centres. The pseudo-hexagonal plate l i k e 
morphology usually appeared i n samples prepared at s l i g h t l y lov/er 
temperatures ( 280^C) v;hich had been doped. On the one hand 
the lower temperatures slo;v down the r a t e of c r y s t a l l i z a t i o n 
and on the other hand the presence of dopants or impurities 
probably blocks certain grov/th sites,thus slov/ing down the. c r y s t a l 
grov/th. The very t h i n nature of many of the p l a t e l e t s suggests 
that the growth p a r a l l e l to the faces i s most readily affected 
while the growth at the edges of the plates proceeds much more 
ra p i d l y . I t i s known that the synthesis of k a o l i n i t e i s affected 
20' 
by the presense of comparatively low levels of impurities • 
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Also the morphology of natural k a o l i n i t e s can "be easily.-altered 
by prolonged washing i n v;ater or i n a solution of magnesium 
Bulphate^^. 
Time did not allow a f u l l i n v e s t i g a t i o n of the effects 
of dopants on the c r y s t a l grov/th of k a o l i n i t e . 
n i t e prepared f r o i 
Plate IB 
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CHAPTER 7 
Id e n t i f i c a t i o n of the g=2 signal 
7*1 Intercalation 
The results discussed i n the l a s t chapter d i d not provide 
an e:tplanation of the natiire of the signal at g=2 found i n 
natural k a o l i n i t e s . In order to c l a r i f y the s i t u a t i o n a natural 
k a o l i n i t e was intercalated v/ith various materials i n order to 
monitor any effects which changes i n the in t e r l a y e r environment 
might have on the E.S.R. spectra. 
Urea, potassium acetate, and dimethyl STOlphoxide v/ere 
selected for i n t e r c a l a t i o n vfith the k a o l i n i t e as they have high 
d i e l e c t r i c constants, necessary f o r the breaking of the interla y e r 
hydrogen bonds. The tirea and potassium acetate were each ground 
up v/ith separate samples of k a o l i n i t e and placed i n watch glasses 
over a v/ater bath for three days. The dimethyl sulphoxide v;as 
refluxed vjith k a o l i n i t e at igO^C overnight. The amount: of 
k a o l i n i t e that had been intercalated was monitored using X-ray 
d i f f r a c t i o n , by measuring the decrease i n Bragg angle (larger 
d-spacing) of the 001 r e f l e c t i o n s ( f i g u r e 7.l) and taking the 
r a t i o ^001 i n t e r as the degree of i n t e r c a l a t i o n . The three 
^001 kaol 
i n t e r c a l a t i n g agents produced varying degrees of i n t e r c a l a t i o n ; 
dih-iC-thyl sulphoxide v/as the most e f f e c t i v e , i n t e r c a l a t i n g ^ Ojl 
of the k a o l i n i t e ( f i g u r e 7.2), The E.S.R. results shov/ that withi 





001 r e f l e c t i o n of 











001 r e f l e c t i o n or 
natural k a o l i n i t e 
fig.7.1 X-ray d i f f r a c t i o n trace of intercalated-kaolinite. shovring^ 
hov/ the degree of i n t e r c a l a t i o n v;as measured. 
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potassium a c e t a t e 
dimethyl 
Bulphoxido 
fig. 7. 2 
S.S.n, s p e c t r a of i n t e r c a l a t e d k a o l i n i t e s 
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gta4 i s strongly affected and progressively changes t o a,..Bpectrum 
of one l i n e . 
I n contrast, the signal at g=2 i s unaffected, regardless 
of the degree of i n t e r c a l a t i o n . I t Was therefore concluded 
that the g=2 signal i s not due to a f e r r i c ion at an interlayer^ 
s i t e . Hence i t seems prohahle that tha signal i s a t t r i b u t a b l e 
to some type of defect centre located deep i n the l a t t i c e . 
Moreover, since the i n t e r c a l a t i o n d i d not a f f e c t the g=2 signal 
the defect centre i s probably not located on the surface anions. 
The change i n the g=4 lineshape on i n t e r c a l a t i o n and i t s 
implications with regard to the s i t e of the f e r r i c ion are discussed 
in.the next chapter. 
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'y*^ Experimental R e s u l t s f o r the g=2 resonance^ 
The r e s u l t s obtained a t t h i s stage o f t h e r v;ork s t r o n g l y 
suggested that the s i g n a l observed a t Q=>2 was due to some type of 
defect c e n t r e . The absence of a s i g n a l a t ga2 i n the X - i r r a d i a t e d 
and subsequently annealed pure s y n t h e t i c k a o l i n i t e s showed t h a t 
the defect c e n t r e , observed i n nri t u r a l k a o l i n i t e s , i s not 
a s s o c i a t e d v/ith the i n t r i n s i c k a o l i n i t e l a t t i c e . I t seemed h i g h l y 
probable t h e r e f o r e that i n n a t u r a l k a o l i n i t e s an im p u r i t y d e f e c t 
must be present v/hich s t a b i l i z e s the observed paramagnetic 
c e n t r e . For excimple, small amounts of s u b s t i t u t i o n f o r A l ^ ^ by 
by other ions such as Fe^^, Pe^^ and Mg^"*" were c o n s i d e r e d as 
p o s s i b i l i t i e s . 
Follovjin^; the scheme of Marfunin and Bershov^, o u t l i n e d i n 
2+ 2+ 
s e c t i o n 3.3 i t can be seen t h a t the s u b s t i t u t i o n of Fe or Mg 
f o r A l ^ ^ w i l l g ive r i s e to a 'pre-centre' v/ith the a b i l i t y to 
t r a p a hole, 
M g 2 V A l ^ ^ - i i ~ ^ "g^^ ( "g"-' + hole ) 
I n most oxides and minerals the hole i s u s u a l l y trapped by the oxygen, 
to form cin 0~ ion, or i s trapped on the cation—oxygen bond, 
2+ 2+ 2+ Comparison of Fe with Mg shows t h a t Mg i s t h e - e a s i e r 
to s u b s t i t u t e i n the k a o l i n i t e l a t t i c e f o r two re a s o n s . F i r s t l y 
2+ 3"** i n the hydrothermal r e a c t i o n Pe tends t o become o x i d i z e d to Fe , 
Secondly Fe^"*" i s l a r g e r than Mg^"*" ( Mg^ '*'« O.65A , Fe^ "*'=' 0,76A i o n i c 
r a d i u c ) zr.i ::culd net coco-odatcd i n t o the l a t t i c e so r c r . d i l y . 




The g e l s used to prepare the doped k a o l i h i t e s were 
prepared "by adding MgSO^.TH^O to the g e l d u r i n g h y d r o l y s i s . 
K a o l i n i t e of reasona'ble c r y s t a l l i n i t y , t o g ether w i t h a l i t t l e 
hoehmite, v;as produced hy hydrotherm.ally r e a c t i n g the gel at 280^C 
f o r seven days. At t h i s stage the doped s y n t h e t i c k a o l i n i t e i^as 
found to he f r e e of any s i g n i f i c p j i t paramagnetic i m p u r i t i e s ( f i g , 7«3a), 
The sample was then X - i r r a d i a t e d (35 kV, 8 raA, 2 h r s . ) and the 
E.S.R, spectruTi recorded ( f i g , 7.3h). An i n t e n s e "broad (100 gauss) 
s i g n a l v/as ohserved a t g»2 t y p i c a l of those seen i n i r r a d i a t e d 
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n a t u r a l k a o l i n i t e s • When the i r r a d i a t e d sample was annealed a t 
200°C f o r three hours an E.S.R, spectrum a t g=2 re s e m b l i n g that 
found i n n a t u r a l k a o l i n i t o v:as observed ( f i g , 7»3c), For an 
undoped s y n t h e t i c k a o l i n i t e , X - i r r a d i a t i o n produces a broad s i n g l e 
l i n e at g=2 which t o t a l l y disappears upon a n n e a l i n g a t 200°C, 
Thus i t seemed reasonable to conclude t h a t the s u b s t i t u t i o n of 
2+ 
Hg vi i t h i n the k a o l i n i t e l a t t i c e provides a s u i t a b l e t r a p p i n g 
centre, f o r the production o f a paramagnetic d e f e c t c e n t r e w i t h 
an E.S.R, spectrum at g=2 i d e n t i c a l to those observed i n n a t u r a l 
2+ 
k a o l i n i t e s . The Mg doped k a o l i n i t c s do not show any s i g n a l s 
at g=4 before or a f t e r i r r a d i a t i o n . 
The symmetry axes of the paramagnetic c e n t r e r e s p o n s i b l e 
f o r the g=2 s i g n a l were obtained approximately by examining a 
p a r t i a l l y o r i e n t e d sample of a n a t u r a l k a o l i n i t e , A p a r t i a l l y 
o r i e n t e d sample v;as prepared by allo^rinix a d e f l o c c u l a t e d suspension 
of k a o l i n i t e i n v/ater to s e t t l e and the water subsequently d r i e d 
o f r at l l O ^ C , The k a o l i n i t e p a r t i c l e s tend t o o r i e n t themselves 
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5 0 g a u « 
A S y n t h e t i c k a o l i n i t e doped v/ith Hg 2+ 
S j T i t h c t i c k a o l i n i t e 
doped v/ith Mg 
X - i r r a d i a t e d 
S y n t h e t i c k a o l i n i t o dope 
2+ with M A - i r r a d i a t e d 
and annealed 
FIG» 7,3 lilxpanded li.:>«R« s p e c t r a 








FIC» 7,4 Angular Vciriation of the i n t e n s i t i e s of g and g components 
o f the defect centre i n a sedimented p a r t i a l l y o r i e n t e d s t a c k . 
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i n roughly the same way because of t h e i r p l a t y morphology,;;.vjith 
the c-axes perpendicular to the sediraented s t a c k ? The i n t e n s i t i e & 
of both components of the E.S.R. s i g n a l a t g=2 v;ere p l o t t e d 
as a f u n c t i o n of the angle of the f l a k e to the a p p l i e d magnetic 
f i e l d ( f i g , 7.4). The g^ a x i s was foxmd to "be approximately 
along the c - a i i s and the g, axes were approximately i n the plane 
of the sedimented s t a c k . 
7.3 Models for the defect centre 
The d e f e c t centre r e s p o n s i b l e f o r the s t a b l e g=2 spectrum 
observed i n k a o l i n i t e i s probably a s s o c i a t e d with an oxygen s p e c i e s 
w itb i t s unique a x i s approximately p a r a l l e l to the c - a x i s of 
the k a o l i n i t e l a t t i c e . The resonance i s v e r y s i m i l a r to those 
observed f o r ' ^ - ' r a d i c a l ions as d i s c u s s e d i n s e c t i o n 3 #4 
P o s s i b l e exa-Tiples of T r - r a d i c a l ions t h a t may e x i s t i n the k a o l i n i t e 
l a t t i c e include the r.uperoxide i o n , 0^ , and a hole trapped on 
a s t r o n g cation-oxygen bond e,g, Si-Q & Mg-0, 
— 2+ 
A p o s s i b l e model f o r the generation of the 0^ i o n i n Mg 
doped s y n t h e t i c k a o l i n i t e i s i l l u s t r a t e d i n f i g u r e 7»5» I't i s 
assumed that i n i t i a l l y the k a o l i n i t e s t r u c t u r e - e x i s t s v;ith a 
small amount of Mg^^ d i r e c t l y s u b s t i t u t e d f o r Al^"*" ( l ) . 
X - i r r a d i a t i o n r e l e a s e e hydrc^en a t o s s frcm some of the- hydroxyl 
2+ 
groups i n the v i c i n i t y of the Ilg i o n : 
(OH): - i ^ — ^ 07 + K? ^ 
xsom / isom i n t 
The r e l e a s e of hydrogen atoms r e s u l t s i n the formation of 0" i o n s ^ 
which i f adjacent are expected to form the O^" i o n ^ ( ! ! ) • 
I l l 
O H \ 0,H / O H \ OH / O H 
M 
O " O H ' Oe "O 
Si Si 
O (!) O (!) 
PIG. 7.6 
Model of a hole trapped on a •bridging oxygen 
i n the k a o l i n i t e l a t t i c e 
OH / O H 
6 
OH\ OH 
F I G . 7.5 
Model of the 0~ ion i n the k a o l i n i t e l a t t i c e 
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On f u r t h e r X - i r r a d i a t i o n an e l e c t r o n i s l o s t to s t a b i l i z e the 
l o c a l chsirge imhalance, c r e a t i n g an 0^ i o n ( i l l ) , A p o s s i b l e 
t e s t f o r the formation of the 0^ ion i n k a o l i n i t e would "be to 
monitor the hydrogen evolved during i r r a d i a t i o n . 
The presence of an 0^ ion w i t h i n the k a o l i n i t e l a t t i c e i s 
quescionable, as i n oxide l a t t i c e s the r e a c t i o n 
202- + 0- ) 0^- + 0^-
i s expected on chemical grounds^. However i n k a o l i n i t e the oxygen 
ion s are i n v o l v e d i n the s i l i c a t e anions and are t h e r e f o r e not 
a v a i l a b l e f o r a r e a c t i o n w i t h the 0" i o n . Adsorbed 0^ ions a r e . 
knovm to bo s t a b l e up to temperatures of 250^0 ^, t h e r e f o r e an 0^ 
ion w i t h i n a l a t t i c e should be even more s t a b l e . I n k a o l i n i t e the 
ror3onancG at g=2 i s only removed by h e a t i n g to above 400^C v;hen 
dehydroxylation begins. 
An a l t e r n a t i v e c o n f i g u r a t i o n which could p o s s i b l y produce 
the ga2 spectrum i s a hole trapped on a s t r o n g cation-oxygen bond. 
2+ 
I t i s conceivable t h a t i n the region of the s u b s t i t u t e d Mg ion a 
hole could be trapped on the. oxygen b r i d g i n g the s i l i c o n and 
magnesium ( f i g 7 • c e n t r e d e s c r i b e d i s e s s e n t i a l l y s i m i l a r 
to t h a t v/hich occurs i n smoky quartz*^. 
The f a c t t h a t no h y p e r f i n e or superhyperfine s t r u c t u r e 
has been observed on the. s t a b l e g=>2 spectrum of k a o l i n i t e makes 
p o s i t i v e i d e n t i f i c a t i o n of the c e n t r e v e r y d i f f i c u l t . I t 
i s p o s s i b l e th.-'.t bGcau;:e the k a o l i n i t c i s a pov:der any hyporfino 
or super hyperfine s t r u c t u r e i s averaged out and does not show 
up i n the E.S.R, spectrum. 
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The second p o s s i b i l i t y , of the h o l e trapped on. a b r i d g i n g 
oxygen, i s the more l i k e l y c e n t r e to occur i n the k a o l i n i t e l a t t i c e . 
However at the present time: t h e r e appears to e x i s t no experimental 
evidence to choose: betv;een t h i s and the 0^ i o n . 
The presence of oxygen a s s o c i a t e d d e f e c t s i s q u i t e common 
i n m i n e r a l s ^ * ^ ' ^ ' ^ . However i n some c a s e s such as tourmaline 
alumina^*^ and fluorophlogopite^^ the d e f e c t s are present as 
1 8 
Onions with gjj^gy^= g^. On the other hand i n f e l d s p a r s » , 
quartz^and k a o l i n i t e the hole i s probably trapped on a stron g 
cation-oxygen bond v/ith Q^jy gjj= g^. _ . 
An explanation can be obtained by c o n s i d e r i n g : the coordination; 
of the oxygen atom i n each s t r u c T u r e . I n m a t e r i a l s such as 
alumina, MgO, toxirmalino' and fluoropHlogopite the oxygen i s present 
i n a f o u r f o l d or s i x - f o l d c o o r d i n a t i o n . I n q u a r t z , f e l d s p a r s and 
k a o l i n i t e there i s oxogcn present i n tv;o-fold or t h r e e - f o l d 
c o o r d i n a t i o n . Thus i t may be p o s s i b l e to t h i n k o f the c e n t r e as 
being an 0" ion i n d i f f e r e n t c r y s t a l f i e l d s . 
U n t i l f u r t h e r experimental information becomes•available 
no one model- of the d e f e c t centre can be accepted v;ith c e r t a i n t y . 
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CHAPTER 8 
F u r t h e r VJork on the F e r r i c I on 
8,1 I n t r o d u c t i o n 
As o u t l i n e d i n chapter two H a l l ^ presented two p o s s i b l e 
assignments for- the g=4 s p e c t r a due to F e ^ ^ i n n a t u r a l k a o l i n i t e s 
dependant on the nature of the c e n t r e r e s p o n s i b l e f o r the g=2 
spectrum. The v;ork presented i n the previous chapter has shown 
th a t the g=>2 spectrum i s produced by a d e f e c t c e n t r e , eind not F e ^ ^ 
i n an octahedral s i t e . Thus i t i s now n e c e s s a r y to examine,in 
more d e t a i l , H a l l ' s suggestion^ t h a t the g=4 s p e c t r a a r e due 
to Fe^"*^ i n the octahedral s i t e , g i v i n g r i s e to the t h r e e l i n e 
spectrum ( c e n t r e I ) , and Fe^^ i n the t e t r a h e d r a l s i t e g i v i n g 
a s i n g l e l i n e ( centre I I ) , 
Attempts to v e r i f y t h i s suggestion were made by i n v e s t i g a t i n g 
the E,S.R. of Fe^^doped s y n t h e t i c k a o l i n i t e s . I n t h i s part of 
the work most of the Fe^^ doped s y n t h e t i c k a o l i n i t e s were prepared 
by adding small amounts of" f e r r i c c h l o r i d e to the v/ater i n which 
> 
the aluminium isopropoxide and the t e t r a a t h y l s i l i c a t e were 
h y d r o l y s i n g . 
The s i l i c o - a l v i m i n o g e l s v/ere prepared w i t h v a r y i n g amounts 
of f e r r i c c h l o r i d e so that the e f f e c t of Fe^"*^ c o n c e n t r a t i o n on 
the E.S.R, s p e c t r a could be s t u d i e d , Hbv/ever, v/hile the i n t e n s i t y 
oi t'ne -I.o.n, s p e c t r a d i d on average i n c r e a s e v/ith i n c r e a s i n g F e ^ 
c o n c e n t r a t i o n , the lineshape of the o v e r a l l spectrum a t g=4 
v a r i e d i n an i r r e g u l a r manner. 
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F I G . 8.1 T;>^picr.l E.S.R. s p e c t r a of f e r r i c doped s y n t h e t i c k a o l i n i t c c 
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The E;S.R. s p e c t r a observed i n the Fe^'*"doped s i l i c o -
alumina g e l s were u s u a l l y a s i n g l e l i n e a t g«4. For the more 
h e a v i l y doped samples a v e r y broad ferromagnetic resonance was 
a l s o present, u s u a l l y c e n t r e d aroxrnd ga2. The ferr©raagnetic 
resonance i n d i c a t e d the presence of c l u s t e r s of f e r r i c i o n s , 
e i t h e r as p r e c i p i t a t e d f e r r i c hydroxide o r - a s a r e g i o n of f e i ' r i c 
hydroxide incorporated w i t h i n the s i l i c o - a l \ i m i n a g e l . Thus the 
the amount of i r o n uniformly d i s t r i b u t e d throughout the gel was 
u n c e r t a i n . 
I t was found that the s y n t h e s i s of k a o l i n i t e s from the same 
g e l s f o r v a r y i n g r e a c t i o n times or a t d i f f e r e n t temperatures 
produced d i f f e r e n t l i n e s h a p e s a t g=>4. The lower the temperature 
and the s h o r t e r the time of the r e a c t i o n the more i n t e n s e was the 
c e n t r a l E.S.R. l i n e at g=4. At the h i g h e r temperatures and 
longer times a more c r y s t a l l i n e k a o l i n i t e was formed producing 
an E.S.R. spectrum s i m i l a r to that shovm i n f i g u r e 8.IB, However 
the temperature and time of the r e a c t i o n d i d not appear to be 
only causes of the variation':^ of the-E.S,R, l i n e s h a p e parameter 
I t i s p o s s i b l e t h a t the pressure under which the r e a c t i o n i occiirs 
and the nature of the s t a r t i n g m a t e r i a l s a r e important f a c t o r s 
a f f e c t i n g the. the E.S.R. l i n e s h a p e . However i n t h i s work these 
parameters were not i n v e s t i g a t e d . 
I t has been suggested t h a t there e x i s t s a r e l a ; t i o n s h i p 
betv?een the I!).S.R. lineshape at g=4 and the X-ray c r y s t a l l i n i t y 
2 
of: k a o l i n i t e . I n t h i s work a q u a n t i t a t i v e e v a l u a t i o n or the 
changes i n the E.S.R. l i n e s h a p e at g=4 was obtained by d e f i n i n g 
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a r a t i o , r e f e r r e d to here as the ".^E.S.R. lineshaper-pararaeter", 
which i s the r a t i o of the height of the outer peaks t o the h e i g h t 
of the c e n t r a l peak, as shov/n i n f i g u r e 8.1A, An X-ray c r y s t a l l i n i t y 
indox f o r the s y n t h e t i c k a o l i n i t e v/as" obtained by the method 
o u t l i n e d i n s e c t i o n 6,2,2. I t was found t h a t a r e l a t i o n s h i p 
e x i s t e d botvjecn the X-ray c r y s t a l l i n i t y and the E.S.R. l i n e s h a p e 
parameter ( f i g u r e 8.2) v/hich suggested t h a t the i n t e n s i t y of 
the outer l i n e s a t g=>4 r e l a t i v e t o the c e n t r a l peak i n c r e a s e d 
w i t h i n c r e a s i n g c r y s t a l l i n i t y . The apparent c o r r e l a t i o n between 
the X-ray c r y s t a l l i n i t y index and the E,S,R, l i n e s h a p e parameter 
of the s y n t h e t i c k a o l i n i t e s was not observed i n the n a t u r a l 
k a o l i n i t e s .(figure 8 .3 ) . The change i n the E.S.R, l i n e s h a p e i s 
known t o be i n f l u e n c e d by the presence of m i n e r a l o g i c a l i m p u r i t i e s ^ . 
Thus the l a c k of c o r r e l a t i o n between the X-ray c r y s t a l l i n i t y 
• 
and E.S.R, l i n e s h a p e parameter f o r the n a t u r a l samples i s probably 
due t o the v a r i a b i l i t y of the content of m i n e r a l o g i c a l i m p t i r i t i e s . 
From the s t a r t i n g m a t e r i a l s used and the temperature and c o n d i t i o n s 
employed f o r the preparation of the s j T i t h e t i c k a o l i n i t e s , no 
other m i n e r a l o g i c a l phases were expected to form, Hov;ever t h e r e 
was the p o s s i b i l i t y of luireacted f e r r i c d o p e d - s i l i c o - a l u m i n a . g e l 
a f f e c t i n g the E.S.R. l i n e s h a p e a t g=4, The f e r r i c i o n i n an 
un r e a c t e d ^ s i i i c o - a l u m i n a gel" produces a s i n g l e l i n e a t g=4. I t was 
p o s s i b l e , t h e r e f o r e , that i f s i g n i f i c a n t anoimts of u n r e a c t c d 
g e l e x i s t e d i n the poorly c r y s t a l l i z e d k a o l i n i t e , t hen i t would 
c o n t r i b u t e to the c e n t r a l s i n g l e l i n e a t g=4- I f the ammount of* 
unreacted g e l was g r e a t e r i n the poorly c r y s t a l l i z e d k a o l i n i t e 
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than i n the w e l l c r y s t a l l i z e d k a o l i n i t e , then the intensity:i.of 
the X-ray d i f f r a c t i o n p a t t e r n of the k a o l i n i t e should be lower 
i n the case of the poorly c r y s t a l l i z e d k a o l i n i t e . However t h e r e 
appeared to be no c o r r e l a t i o n betv/een the X-ray d i f f r a c t i o n 
i n t e n s i t i e s and the degree of c r y s t a l l i n i t y of the k a o l i n i t e . 
Hence: the e f f e c t of the unreacted g el appears to be n e g l i g i b l e . 
The Electron-micrographs of the s y n t h e t i c k a o l i n i t e a l s o 
support t h i s , a s most of the m a t e r i a l appears as k a o l i n i t e 
i n some form or other. Removal of the xinreacted g e l i s d i f f i c u l t 
as i t i s not p o s s i b l e to know how much o f the poorly c r y s t a l l i z e d 
k a o l i n i t e would be removed w i t h i t . Therefore i t i s assumed 
th a t the bulk of the i r o n g i v i n g r i s e t o the t h r e e l i n e spectrum 
and the s i n g l e l i n e spectrxim at g=s4 i s i n v o l v e d i n t h e s y n t h e t i c 
k a o l i n i t e s t r u c t t i r e . 
The r e l a t i o n s h i p betv/een the E.S.R, li n e s h a p e parameter 
and X-ray c r y s t a l l i n i t y index may be explained' i n tv/o v;ays. 
I t i s p o s s i b l e t h a t the presence of Pe^^ i n the t e t r a h e d r e i l 
l a y e r , g i v i n g r i s e t o a s i n g l e l i n e a t g=4, produces a k a o l i n i t e 
of poor c r y s t a l l i n i t y . A l t e r n a t i v e l y , i f i t i s assumed that 
the three l i n e resonance at g=4 i s due t o the?' f e r r i c i o n i n the 
octahedral l a y e r , i t i s p o s s i b l e t h a t i n a poorly c r y s t a l l i z e d 
k a o l i n i t e , v/here the l a y e r s a r e mistacked, the o c t a h e d r a l s i t e 
symmetry i s f t i r t h e r reduced, r e s u l t i n g i n a s i n g l e l i n e a t g=4. 
The second mechanism i s more c o n s i s t e n t v/ith the r e s u l t s 
obtained from the i n t e r c a l a t i o n v;ork d e s c r i b e d i n s e c t i o n 7«1. 
I n t e r c a l a t i o n o f the k a o l i n i t e r e s u l t e d i n the three: l i n e s a t 
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E..S».R. spectrimi of Gi'b'bsite 
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g=4 c o l l a p s i n g t o produoo a s i n g l e l i n e a t g=4 ( 320 gaussi^wide) • 
The p o s s i b i l i t y t h a t the t h r e e l i n e s a t g=4 are due t o the 
f e r r i c ion a t an i n t e r l a y e r s i t e can "be excluded "by examination 
of the E.S,R. spectrum of g i b b s i t e (. Al(OHi)^ ) which c o n t a i n s . 
i r o n s u b s t i t u t e d i n octahedra i n a s i m i l a r f a s h i o n to the alumina 
xuiits: found i n k a o l i n i t e * As the £*S«Rw spectrum of g i b b a i t e 
( f i g u r e 8.4) shows resonances viith s i m i l a r g-values as those 
of the il\ree l i n e spectrum of k a o l i n i t o , ajid the i n t e r l a y e r 
s i t e s i n g i b b s i t e are completely d i f f e r e n t to the i n t e r l a y e r 
s i t e s i n k a o l i n i t e , the t h r e e l i n e s i g n a l observed i n k a o l i n i t e 
i s almost c e r t a i n to be due t o the f e r r i c i o n i n an o c t a h e d r a l 
s i t e * 
I n t e r c a l a t i o n probably a f f e c t s the E.S.R, spectrum by 
r e o r i e n t i n g the i n t e r l a y e r hydrogen bonds^# I t i s suggested 
here t h a t the f e r r i c ion i n the o c t a h e d r a l s i t e i s s e n s i t i v e to 
the o r i e n t a t i o n of the hydroxyl groups, D r a s t i c changes such as 
i n t e r c a l a t i o n and i n the case of poor c r y t a l l i n i t y , mistacking; 
of the l a y e r s , probably produce a range of hydxoxyl o r i e n t a t i o n s 
thus a f f e c t i n g the octahedral s i t e s . The v a l u e o f i s expected 
to change from 0,22 f o r Fe i n a r e g u l a r ' c r y s t a l l i n e ' o c t a h e d r a l 
s i t e , t o f o r Fo^ "*" i n a d i s t o r t e d o c t a h e d r a l s i t e , A v a r i a t i o n 
of 7\ between 0,22 and probably acco\ints f o r the broad linewidthi 
of the s i n g l e l i n e a t g=4 i n poorly c r y s t a l l i z e d k a o l i n i t e s . 
T h i s i n ir, ^c-.firr.cd by +he d^hydrr>Tyl?.tion of k?-,olinitc, 
v;hich r e s u l t s i n the gts4 resonance becoming a much narrower s i n g l e 
l i n e ( 280 gauss vjide, f i g u r e 8.5 ) • I n t e r c a l a t i o n w i t h DMSO 
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9 = 4 
9 = 2 
fig. 8.5 
E.S.R, spectrum of a dehydroxylated k a o l i n i t o 
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a l s o produces a much narrov/er l i n e at e=4 than i n a poor l y 
c r y s t a l l i z e d k a o l i n i t e ( 320 gauss wide, f i g u r e 7 ^2)* 
8,2 The high f i e l d resonances 
A d d i t i o n a l information on the f e r r i c ion s u h s t i t u t e d i n 
the octahedral s i t e was obtained "by ohserving the h i g h f i e l d 
resonances which a re t h e o r e t i c a l l y expected* 
H a l l ^ found a value of 0.22 f o r E/D "by f i t t i n g t he observed 
three l i n e g34 spectrum t o a s p i n Hamiltonian. F i g u r e 2.8 
shows that f o r v a l u e s of D g r e a t e r than 0.35 crn"^ the l i n e s a t 
g=4 are approximately independent of the v a l u e of D, Using the 
v a l u e of D estimated "by H a l l ^ f o r the f e r r i c ion producing the 
three l i n o spectruTi ( O.5 + 0.1 cm~^ ) , f i g u r e 2*8 p r e d i c t s a 
resonance i n the range 5000 to 6.000 gauss. By i n c r e a s i n g the 
gain of the spectrometer a resonance was observed a t 5200 gauss. 
Although the resonance a t 5300 gauss i s c o n s i s t e n t f o r 
•X= 0.22 i t was p o s s i b l e t h a t the resonance v/as v/holly or i n 
part due to a c e n t r e with i . e . the s i n g l e l i n e resonance 
at g=4. Bowsing and Gibson^ have shov/n t h a t a t r a n s i t i o n i s 
expected i n t h i s region of the spectrxim f o r c e r t a i n v a l u e s of D, 
Therefore comparisons were made of s p e c t r a a t g=4 and at high 
f i e l d v a l u e s i n v a r i o u s S j j n t h e t i c k a o l i n i t e s doped w i t h Fe^^. 
I t v;as fouled that there v:as no c o r r e l a t i o n beti;een the i n t e n s i t y 
of the i s o t r o p i c l i n e a t g = 4 and the amplitude of t h e high 
f i e l d resonance. I n f a c t i t was noted t h a t the high f i e l d 
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PIG. 8.6 The hich f i e l d resonance i n a s y n t h e t i c k a o l i n i t e . 
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resonance v^as more d i s t i n c t and s l i g h t l y more i n t e n s e i n the w e l l 
c r y s t a l l i z e d k a o l i n i t e where the e=4 t h r e e l i n e spectinim was 
v e r y prominent. These r e s u l t s c l e a r l y demonstrated t h a t the 
high f i e l d resonance v/as a s s o c i a t e d with the o c t a h e d r a l l y 
coordinated f e r r i c ion which produces the t h r e e l i n e spectrum 
a t gj=4 and not w i t h any other c e n t r e which produces t h e s i n g l e 
l i n e a t g=4. 
The absence of a high f i e l d resonance helow 6000 gauss 
( l i m i t of the magnet) a s s o c i a t e d v;ith the s i n g l e l i n e at g=4 
i s s i g n i f i c a n t . E i t h e r the high f i e l d resonance i s too hroad 
to detect,"because the c e n t r e i n v o l v e d has a range of v a l u e s o r 
?vfrom 0,22 to ; or when the v a l u e of ^ changes t o ^ f o r the 
d i s t o r t e d octahedral s i t e the v a l u e of D a l s o changes s i g n i f i c a n t l y . 
F u r t h e r work i s needed a t higher f i e l d s and higher frecfuencios 
to d i s t i n g u i s h "between these tv/o p o s s i " b l i t i e s . 
C l o s e examination of the high f i e l d resonance r e v e a l s t h a t 
i t i s composed of two l i n e s c l o s e together of approximately equal 
i n t e n s i t y ( f i g u r e 8,6 ) , The two l i n e s are a s s o c i a t e d w i t h the 
three, l i n e g=4 s i g n a l . As only one l i n e i s p r e d i c t e d f o r 0,22 
i t means that the two l i n e s must "be due to t v / O ' s l i g h t l y d i f f e r e n t 
c e n t r e s . The v a l u e of E/D has "been found from the p o s i t i o n s of 
the l i n e s at g^A* I f the s l i g h t d i f f e r e n c e v/as due: t o tv;o v a l u e s 
of E/D alone i t , would be expected that t h a spectrun a t g=4'showed some 
dc^GO of cplittir.£;, Hovrcvcr no s p l i - t t i n ^ vcic "obcer^/cd, Fig^orc 
shows t h a t i n k a o l i n i t e (e/3>= 0.22) the high f i e l d resonance i s 
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near ^=4 do not change. Hence i t v;ould appear' that the d i f f e r e n c e 
i n t h e value- o f % betv/een- the two s i t e s must "be s m a l l and- t h a t there 
musjt a l s o "bfr a small d i f f e r e n c e i n the value: of? The presence 
of two d i s t i n c t s i t e s i n the octahedral l a y e r , which a r e 
approximately e q u a l l y populated, i s suggested by t h e s e r e s \ i l t s . 
C o n s i d e r a t i o n of the hydxoxyl o r i e n t a t i o n s i n v o l v e d i n t h e 
i n t e r l a y e r bonding of w e l l c r y s t a l l i z e d k a o l i n i t e ^ r e v e a l s 
that two s l i g h t l y d i f f e r e n t octahedral s i t e s e x i s t x.uich are 
present i n equal numbers ( f i g u r e 8.7 ) . I n one s i t e ( s i t e A) 
a hydrogen bond passes a t an angle d i r e c t l y over the o c t a h e d r a l 
s i t e , and i n the other there are no hydrogen bonds d i r e c t l y above 
the octahedral s i t e ( s i t e 3 ) , Thus. the. o r i e n t a t i o n s of the; OH" 
groups modify the v a l u e s of "X and Por the A and B. s i t e s the 
v a l u e of 7^ i s 0.22 + 0.01 and D i s w i t h i a the: range 0.45 + 0.02 cm"^ 
I n a d d i t i o n to the high f i e l d l i n e s f o r S/D =0.22 observed 
at 5100 and 5300 gatiss i n k a o l i n i t e theory p r e d i c t s the presence 
of an X(5-6) t r a n s i t i o n near g«2. Although the f e r r i c doped 
s y n t h e t i c samples a l l showed a broad weak band i n the region o f 
g»2 i t v;as d i f f i c u l t to be c e r t a i n that the X(5-6) t r a n s i t i o n 
has been unequivocably l o c a t e d . As t h i s l i n e was observed only^ 
when a high gain was used, i t could be due to the presence of 
some other paramagnetic c e n t r e . 
8.3 T e t r a h e d r a l Pe^"^ 
The r e s u l t s d i s c u s s e d so f a r have shown that the main 
130 
Konsnktyke/SheH-Laboratorium, Amsterdam 
Shell Research B.V. 
Dr. J.P.E. Jones, 
Plymouth Polytechnic, 
PLYMOUTH PL4 8 A A . 
Engeland. 
U w ref. 
Onze ref.: p R >^ ^' \ 
• , lb okt.lS73 
Amsterdam, ' 
Postadics: Posibus 3003 
Tel. via telcfoniste (020) 20 91 11 
Tel. rechtstrceks (020) 
H r / M w 
Dear Dr. Jones, 
V/e have measured your k a o l i n i t e samples i n our phosphorescence 
spectrometer to look f o r Fe s i g n a l s . Guinier X-ray photographs 
showed that the two synthetic and the n a t u r a l sample were indeed 
k a o l i n i t e , but that the dehydroxylated sample i s virtually-^amorphous. 
Only in t h i s amorphous sample v/e v.'ere able to detect an Fe s i g n a l , 
a broad band with a maximum a t about 800 nm. Since amorphous alumina 
samples have a broad band Fe"^ s i g n a l with a maximum a t 765 nm the 
s i g n a l cannot be a t t r i b u t e d to alumina and must be from another 
unknov;n amorphous s o l i d -
There may be tv/o reason:; f o r not seeing an Fe s i g n a l i n the 
c r y s t a l l i n e products. F i r s t , k a o l i n i t e has a layered s t r u c t u r e with 
tetrcihedrally coordinated S i atoms and octadralljr coordinated A l 
atoms. Since Fe*^ most l i k e l y s u b s t i t u t e s f o r A l , a l l F e ^ w i l l be 
i n octahedral coordination and therefore no phosphorescence s i g n a l i s 
observed. The other reason may be that some Fe i s indeed present i n 
tetrahedral coordination but coordinated to one or more OH groups, 
OH groups are e f f i c i e n t quenchers of the phosphorescence emission and 
therefore w i l l weaken the s i g n a l . I personally think t h a t Fe*^ i s i n 
octahedral coordination i n accordance with the s t r u c t u r a l requirements 
I hope t h i s information i s of use to you. Please do not h e s i t a t e 
to ask f o r further d e t a i l s i f required. 
Yours s i n c e r e l y . 
r o . T . Pott.) 
Shell Research B.V. 
Gcvestigd le 's-Gravenhage 
Badhuiswcg 3. Amstcrdam-N. 
Telex: 11224 ksia nl 
Telegram: Konshellab 
H.reg. Amsterdam 111841 
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On-s i g n a l a t g=2 i s due to some d e f e c t c e n t r e s t a b i l i z e d by-Hg 
s u b s t i t u t i n g f o r Al^"*", The composite spectrum a t g=4 i s due 
i n part to Por^^ i n octahedral c o o r d i n a t i o n , which produces a 
three l i n e spectrum, while the s i n g l e l i n e a t g=4 i s due mainly^ 
to Pe^^ i n the d i s t o r t e d octahedral s i t e and p o s s i b l y Pe^^ i n 
the t e t r a h e d r a l l a y e r . Therefore i t v/as important t o i n v e s t i g a t e 
the s i n g l e l i n e a t g=4 i n more d e t a i l and i n p a r t i c u l a r obtain 
more information on the p o s s i b i l i t y of the occurrence of Pe^^ 
i n t o t r a h e d r a l coordination i n k a o l i n i t e . 
I t i s known that i t i s p o s s i b l e f o r Pe^^ i n a t e t r a h e d r a l 
s i t e t o produce phosphorescence w i t h a band emitted i n the 
range 65O-75O nm, corresponding t o a t r a n s i t i o n between the 
l e v e l s ^P-^S , Unfortunately equipment' to examine c l a y s by 
phosphorescence was not immediately a v a i l a b l e . Consequently, 
one n a t u r a l k a o l i n i t e , tv/o s y n t h e t i c f e r r i c doped k a o l i n i t e s 
and one raetakaolinite v;ere examined by Dr. G.T. P o t t ^ ^ who 
repo r t e d that the k a o l i n i t e s showed no phosphorescence, v/hile 
the m e t a k a o l i n i t e showed an unus\ial phosphorescence a t 8OO nm. 
i'ii copy of Dr. Pott's l e t t e r i s given on page: 13Q. The r e s u l t s i n d i c a t e 
t h a t e i t h e r the f e r r i c ion does not e x i s t i n the t e t r a h e d r a l 
l a y e r i n d e t e c t a b l e amounts, or a l t e r n a t i v e l y the phosphorescence 
was quenched by the presence of OH groups which a re knoi^n to 
e f f i c i ( ^ n t l y quench phosphorescence, 
xhe li.o.n, measurements a t Q band f o r k a o l i n i t e presented 
by K a l l ^ i n d i c a t e s the e x i s t e n c e of a f e r r i c ion w i t h a l a r g e 
zero f i e l d s p l i t t i n g ( g r e a t e r than 0,8 cm"^ ) , As Pe^* i n 
132 
-1 the octahedreil l a y e r has a zero f i e l d s p l i t t i n g o f 0 . 4 4 . cm* 
i t can be concluded that the c e n t r e observed by H a l l a t Q band 
a t g a 4 i s due to e i t h e r i r o n i n the t e t r a h e d r a l l a y e r of k a o l i n i t e 
or p o s s i b l y Pe.^ **" present i n a m i n e r a l o g i c a l impurity. Hence 
i f Pe^^ s u b s t i t u t e s i n the t e t r a h e d r a l l a y e r of k a o l i n i t e i t 
i s coordinated to a t l e a s t one OH group, which would provide 
the necessary charge compensation. ( Pe^ "*" s u b a t i t u t i n g f o r Si^"*" ) 
An OH group on the s i l i c a t e s u r f a c e v:ould 
c o n s t i t u t e aii a c t i v e s i t e ( L e w is a c i d s i t e ) and may c o n t r i b u t e 
to the c a t a l y t i c a c t i v i t y or exchange c a p a c i t y of k a o l i n i t e , 
A c o r r e l a t i o n between ^^2^3 ®^ k a o l i n i t e s and c a t i o n 
exchange c a p a c i t y was found by Bundy , 
8 , 4 O r i e n t a t i o n s t u d i e s of a k a o l i n i t e s t a c k 
Tov/ards the end of t h i s work an o r i e n t e d s t a c k of k a o l i n i t e 
provided by Prof. G,V/, B r i n d l e y ^ ^ was found t o have a c e r t a i n 
degree of o r d e r i n g i n the ab plane of the s t a c k . U s u a l l y i n 
o r i e n t e d s t a c k s , w h i l e the c-axes are o r i e n t e d , the a and b eixea 
are i n d i s t i n g u i s h a b l e . 
A b - a x i s was foimd by mounting the s t a c k i n - a V/eissenberg 
X-ray camera and a d j u s t i n g i t s o r i e n t a t i o n t m t i l the o s c i l l a t i o n -
X-ray d i f f r a c t i o n pattern produced h o r i z o n t a l l a y e r l i n e s ( p l a t e 6) 
The V/eissenberg X-ray d i f f r a c t i o n p a t t e r n taken about the b - a x i s 
shown i n p l a t e 7 i s vey s i m i l a r to those obtained by B a i l e y ^ 
f o r s m a l l complexly tv/inned c r y s t a l s of k a o l i n i t e . The exact 
nature of the twinning present could not be i d e n t i f i e d due t o t h e 
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s i z e of the s t a c k vxhich made the weaker r e f l e c t i o n s more d i f f u s e . 
The VIeissenberg d i f f r a c t i o n photograph shows t h a t the spread i n 
misalignment of the c r y s t a l s i n the s t a c k i s of the order of 20**. 
The E.S.R. spectrum, shown i n f i g u r e 8^9 " a s recorded as 
a second d e r i v a t i v e u s i n g the double modulation technique which 
helped to r e s o l v e some of the overlapping l i n e s . Poxir l i n e s can 
be d i s t i n c t l y seen, of which three are due to the f e r r i c i o n i n 
the octahedral s i t e and one t o the s i n g l e l i n e a t s°4^ l ^ e 
v a r i a t i o n i n the p o s i t i o n s of the E.S.R. l i n e s w i t h d i f f e r i n g 
angles are shown i n f i g u r e s 8*10 and 8.11, where the s i n g l e l i n e 
at g a 4 i s seen t o be t r u l y i s o t r o p i c . Because the l i n e s were so 
broad i t v?as impossible to p o s i t i v e l y i d e n t i f y each t r a n s i t i o n and 
follow them through. The m i s s i n g p o r t i o n of f i g u r e 8.10 i s where 
none of the l i n e s was r e s o l v e d . I t i s hoped t h a t the f u r t h e r 
examination of other f l a k e s w i l l overcome t h i s d i f f i c \ i l t y . 
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g=4-3 
PIG'. 8 . 9 E.S.R. spectrum of the g=4 region of the o r i e n t e d C 
Colombian k a o l i n i t e f l a k e , recorded as the second d e r i v a t i v e 
of' the absorption; curve. 
H 
kG 
PIG. 8.10 Angular v a r i a t i o n of the. l i n e s at g=4 ini the 
Colomtian f l a k e of k a o l i n i t e oriented about one of i t s 
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PIG, 8,11 Angular v a r i a t i o n of the l i n e s a t g=4 i n the Colombian 




P l a t e 6 
O c s c i l l a t i o n X-ray d i f f r a c t i o n pattern of the k a o l i n i t e 
s tack, taken about the b - a x i s . 
P l a t e 7 
Weissen"berg X-ray d i f f r a c t i o n p a t t e r n of the k a o l i n i t e 
s t a c k taken alDout the "b—axis. 
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Final Summary and Conclusion 
9ml Synthesis and Doping 
I n the course of producing a well formed synthetic k a o l i n i t e 
a v/hole range of techniques have "been attempted. The high levels 
of impurities associated v/ith natural minerals used f o r synthesis 
produced contaminated k a o l i n i t e s which proved to he iinsuitahle 
f o r the subsequent study of defects, Hov^ever these r e s u l t s d i d 
3ho\j that the natxire of the s t a r t i n g material can influence the 
morphology of the k a o l i n i t e formed. 
Prom the point of \rie\i of producing pure synthetic k a o l i n i t e s 
v;hich can he easily doped maximum control v/as achieved hy using 
silico-aluraina gels, Tho gels were prepared hy a v a r i e t y of 
techniques a l l of which were designed to reduce the leve l s of 
unv;anted impurities to a minimum* Tetraethyl s i l i c a t e and 
aluminium iso-propoxide, hoth of' which can he p u r i f i * i d by 
d i s t i l l a t i o n , were used as the source of s i l i c a and alumina. 
One of the main problems encountered i n the past production 
of gels used i n hydrothermal experiments has been the uncertainty 
regarding phase separation v/ithin the gels. I n t h i s work the 
problem has been largely overcome by the development of l i q u i d A 
(AiSiOEtPf)» from v;hich clear gels can be produced. I n addition 
the production of gels from l i q u i d A mixed d i r e c t l y w i t h water 
greatly reduces the loss of t e t r a e t h y l s i l i c a t e by evaporation 
v/hich has been a problem i n the past. 
Doping of the gels with Pe^^ has been best achieved by-
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adding f e r r i c ethoxide to the l i q u i d A p r i o r to g e l l i n g , t'o^ensure 
a t r u e l y homogeneous distri'bution of the f e r r i c ionff during 
preparation. In other methods described i n t h i s work the ferric-
ions larg e l y precipitated out as f e r r i c hydroxide because the 
doping compound did not mix well v/ith e i t h e r the t e t r a e t h y l 
s i l i c a t e or the aliiminium iso-propoxide. I n future investigrttione. 
i t should be possible to dope the l i q u i d A v/ith other ions using 
the appropriate metal alkoxido. 
The plan of* the v/ork presented i n t h i s thesis has been the 
synthesis and doping of k a o l i n i t e s and the generation or defect 
centres i d e n t i c a l to those observed by E.S.R, i n natural products, 
the follov/ing sections summarise the findings f o r the tv/o main 
groups of E.S.R,. signals which are common to most natural k a o l i n i t e s , 
9.2 The resonance 
I t i s apparent that the assymetric E«S.R, signal v/ith g =2,049 
and g =2,003» present i n most natural k a o l i n i t e s , can be reproduced 
2+ 
i n synthetic ka o l i n i t e s i n i t i a l l y doped v/ith Mg • The magnesium 
doped synthetic ka o l i n i t e s v:ere f i r s t X-irradiated and subsequent 
annealing at 200^C removed r e l a t i v e l y unstable damage centres. 
The E,S,R, spectrum v.^as then i d e n t i c a l to that found i n natural 
k a o l i n i t e s . An undoped synthetic k a o l i n i t e treated i n an 
id e n t i c a l manner d i d not s t a b i l i z e the defect centre which 
produces the assymetric g=2 signal. 
I t has been postulated that the centre produced i s either 
an ©2 molecxile ion or a hole trapped on an oxygen-cation bond 
140 
2+ near the substituted Mg Measurement of the g-valuos alone 
was ins x i f f i c i e n t f o r the unamhiguous i d e n t i f i c a t i o n of the 
centre responsible. The fact that hyperfine i n t e r a c t i o n hetv/eem 
the defect centre and the Mg^^ C^^^^gj ^n"^'^^' abxmdant) was 
nov observed makes the i d e n t i f i c a t i o n of* the centre even more 
d i f f i c u l t . The lack of observable hyperfine i n t e r a c t i o n may 
be due to either a very small overlap of the unpaired spin 
2+ 
density of the centre v/ith the Mg or a l t e r n a t i v e l y any hyperfine 
i n t e r a c t i o n present may be broadened beyond detection. 
V/hile i t i s possible that the defect centre may also bo 2+ 3+ sta b i l i z e d by Fe substituted f o r Al-* i t i s not c e r t a i n , as 
2+ 3+ 
X-irradiation v/ould be expected t o oxidize Fe t o Fe i n 
preference to the generation of some other type of defect centre. 
By examining a p a r t i a l l y oriented natureal k a o l i n i t e i t 
v;aG found that the c defect centre l i e s approximately 
along the c-axis of the k a o l i n i t e structure. 
I t was not possible to anneal the defect centre and i t v:as 
only removed when the structure o f the k a o l i n i t e on dehydroxylatiom 
at approximately 450°C. The centre i s also quite immune to most 
chemical treatments although i n some of the i n t e r c a l a t i o n 
experiments the in t e n s i t y or the r e s o n c L n c e may have2>decreased 
s l i g h t l y . 
Tiic defect i d e n t i f i e d i n k a o l i n i t e i s t y p i c a l o f those found 
i n many other oxides and i t should not be surprising t o f i n d 
s imilar defects present i n the other clay minerals. 
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9«3 The f e r r i c signals 
The presence of the f e r r i c ion w i t h i n the k a o l i n i t e l a t t i c e 
has been established. The main su b s t i t u t i o n a l s i t e appears to be-
i n the octahedral layer v^here Pe^^ replaces Al^"*", I n a highly 
c r y s t a l l i n e k a o l i n i t e t h i s centre has parameters E/D=O.22 and 
D=: 0.45 + 0.02 cm"^. I t has also been shov:n that t h i s centre 
comprises tv/o s l i g h t l y d i f f e r e n t sites possibly r e s u l t i n g from the 
orientations of the int e r l a y e r OH groups. The d i f f e r i n g directions-
of the OH groups f o r the two site s has the effect of s l i g h t l y 
a l t e r i n g E/D and D, v/hich produces a small s p l i t t i n g i n the high 
f i e l d resonance at 5200 gauss. 
I n a k a o l i n i t e of poor c r y s t a l l i n i t y v/here there i s mistacking; 
of the layers and the OH directions are d i f f e r e n t from normal the 
Pe^^ ion substituted f o r Al^"*" has the parameters E/D=O.333 and 
D -is unknot-m. The value of E/D=O,33 represents complete rhombic 
symmetry and probably results from the misorientation of; the OH 
groups vfhich reduces the symmetry of the octahedral s i t e s . The 
results obtained from both the study of the v a r i a t i o n of the E.S»R, 
lineshape at g=4 with the c r y s t a l l i n i t y of the k a o l i n i t o and the 
effect of in t e r c a l a t i o n on the g=4 spectrum strongly support the 
above hypothesis. 
The p o s s i b i l i t y of Pe^^ substituted f o r Si^"*" i n the tetrahedral 
lny»r ••rp.z r.ot [rrcvGr., '-hilc SC.T.O d e ^ o e of subsbiution i s possible 
i t i s probably at a much lov;er concentration compared v/ith the 
amount of iron substituted i n the octahedral layer. As a result 
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any E.S.R, signals due to tetrahedxal Pe^^ are protiably o*bcc\ired 
t y those due to octahedral Fe^ "*", Hall*^ has shovm that a Q-hand 
spectrum of a na t i i r a l k a o l i n i t e contains resonances due to Pe^^ i n 
the octahedral s i t e which are s h i f t e d tov/ards ga2, and a small 
signal at g=4 v/hich could "be due to tetrahadral Pe^^. However as 
the sample studied "by Hall v/as of" natural o r i g i n there i s the 
p o s s i b i l i t y that the g=4 signal vjas due to some other contaminating 
mineral such as mica. Pvirther work at Q-band v;ith synthetic 
k a o l i n i t e s v/oxild undoubtedly provide much more information. 
9»4 Suggestions for f u r t h e r v;ork 
The v;idG ran^o of chemical and mineralogical impurities 
which occur i n a l l natural k a o l i n i t e s have r e s t r i c t e d t o soma 
extent the clear i n t e r p r e t a t i o n of results obtained from past 
studies. The use of doped synthetic k a o l i n i t e s i n t h i s v/ork has 
provided results v/hich would have been d i f f i c u l t , i f not impossible, 
to obtain using natural samples. 
Future work using synthetic clay minerals could undoubtedly 
prove v;orthv;hile using the v/ide range of techniques applied, in. 
the study of clay minerals. 
Although many of the synthetic k a o l i n i t e s produced here 
were comparable with those found i n nature, the exact conditions 
necessary to control the c r y s t a l l i z a t i o n of* the k a o l i n i t e v;ere 
not discovered. I t v^ as found that the morphology of the k a o l i n i t e 
was sensitive to dopants and the nature of the s t a r t i n g materials. 
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Hov;ever i t ; was not possible, v/ithin the range of experiments,,performed, 
to study these effects i n d e t a i l . Thus careful monitoring of the 
effect of various dopants on the morphology of the synthetic 
k a o l i n i t e s v ; i l l probably prove f r u i t f u l . Also the natvire of the 
gels used i n the synthesis and the various, pretreatments of the 
gels need to be studied i n jnore d e t a i l . 
Largely due to fin a n c i a l considerations the e f f e c t of 
pressure during the hydrothermal synthesis v/as not studied i n t h i s 
2 
work. I t i s commonly considered that the polymorphs of k a o l i n i t e 
( i . e . d i c k i t e and nacrito) form at higher pressures. The production 
of pure and doped samples using simliar techniques to those 
developed i n th i s work v;ould prove to be of great value i n clay 
minerals research. 
The exact nature of the centre v;ith the assymmetric g-values 
at gt32 i s f a r from certain and fur t h e r v/ork i s needed i n order to 
obtain a clearly defined model of the defect. A possible approach 
v:ould be to study the effect of the reactions of the defect centre 
vjith d i f f e r e n t i n t e r c a l a t i n g agents. I t i s possible tha t some 
of the defects present i n k a o l i n i t e may have a profound effect 
on the cheraistrj' of the clay. 
I t i s knovm that 0~ i n an a l k a l i halide l a t t i c e i s fluorescent, 
v/ith a spectinim characterized by the v i b r a t i o n a l mode of the 0^ 
molecule: ion^. Thus an attempt ought to be made to observe any 
fluorescence i n k a o l i n i t e . Hov/ever the f a c t that k a o l i n i t e i s a 
pov/der and there are OH groups present which might quench any 
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fluorescence, could' make detection d i f f i c u l t . 
As the centre responsible £t>r the asymmetric g=2 resonance,-
iB; produced by i r r a d i a t i o n i t i s possible that an estimation o f 
the age o f various kaolinite; deposits may be obtained by studying; 
the i n t e n s i t y of the signals and possible relationships v/ith 
background radiation. Hov;ever i t i s possible that the defect 
centres are saturated and that the v a r i a t i o n i n i n t e n s i t y o f the 
2+ 
i n samples i s due to the le v e l of Mg su b s t i t u t i o n . 
Clay minerals have comparatively large surface cireas and 
therefore a great deal of information would probably be obtained 
by studying the S.3,R. spectra of i r r a d i a t e d samples v/hich have 
molecules adsorbed on the surface at low pressures. 
Probably one of the most important aims o f any fut u r e vjork 
should be the production o f a wide range o f synthetic; clay minerals 
of known composition and a systematic study of the defects. 
The optical absorption of the synthetic k a o l i n i t e s were not 
studied i n t h i s vjork. Although absorption due to the f e r r i c ion; 
i s expected^ i t i s possible absorption bands due to other defect 
centres may be present also. The study o f the-optical properties 
of synthetic- Icaolinites shou I d c l a r i f y t h i s point vihich i s o f 
great importance i n the paper coating industry. 
I t v;as noted i n t h i s \-JOTk. that dehydrozylated kao l i n i t e . i s 
phosphorescent due to the presence- of i r o n . A study o f the 
phosphorescence o f the substituted ir o n could possibly assist the 
elucidation of the structure o f metakaolin. 
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The preparation of an Fe^^ ^^^^ synthetic k a o l i n i t e by 
E;S.R; and Httssbauer spectroscopy has been planned i n t h i s 
laboratory. The difference beteen octahedral and tetrahedral 
coordination and the di f f e r e n t valence states o f i r o n can be? 
observed using MBssbauer spectroscopy. 
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A b s t r a c t 
: i c 
The dependence of the parameters E and D i n the s p i n H a m i l t o n i a n 
^ = gBH.S + D[S ^ - 4 (S + D ] + E f S x ^ - S y ^ ] on the l a b e l l i n g of magneti 
axes i s d i s c u s s e d . 
I t i s shown t h a t t h e r e a r e s i x i n e q u i v a l e n t a x i s systems i n t h i s c a s e , 
and t a b l e s a r e g i v e n showing the i n t e r r e l a t i o n between t h e s e systems and the 
v a l u e s of E, D and X (« E/D) i n each system. From t h e s e t a b l e s , e x p e r i m e n t a l 
data r e f e r r e d to any a x i s system may be transformed t o the s t a n d a r d a x i s 
s y s t e m ^ i n which 0 $ A $ . 
The a p p l i c a t i o n of t h i s method, to g e t h e r w i t h new e x p e r i m e n t a l d a t a , 
has l e d to a r e i n t e r p r e t a t i o n of the ESR spectrum of F e ^ * i n k a o l i n i t e , which 
i s a t t r i b u t a b l e to f e r r i c i o n s occupying two l a t t i c e s i t e s , c o r r e s p o n d i n g to 
X « 0.22 and X 'v. 0.33. 
Running Head: 
DEPENDENCE OF E AND D ON MAQIETIC AXES. 
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INTRODUCTION 
Numerous s t u d i e s of ESR a b s o r p t i o n of h i g h s p i n Fe*^^ i o n s i n p o l y c r y s t a l l i n e 
m a t e r i a l s have been made (1 - 5 , 9, 1 1 ) , the observed s p e c t r a f r e q u e n t l y b e i n g 
i n t e r p r e t e d i n terms of a s p i n Hamiltonian of the form: 
^ = gBH.S + D f c ^ ^ - 3S(S + D] + E(s^2 - S y ^ [ 1 ] 
For a c r y s t a l l i n e environment of a x i a l symmetry, the f i r s t two terms of 
E q . [ l ] a r e s u f f i c i e n t to d e s c r i b e the b e h a v i o u r of the system, w h i l e f o r 
symmetries lower than a x i a l a l l t h r e e terms a r e r e q u i r e d . The parameters D and E 
ar e r e l a t e d to the z e r o - f i e l d s p l i t t i n g of the g r o u n d s t a t e of F e ^ * caused by 
the adxmixture i n t o t h i s s t a t e of e x c i t e d q u a r t e t s t a t e s ^ p r i n c i p a l l y v i a s p i n -
o r b i t c o u p l i n g ^ ^ * . I n g e n e r a l , such e f f e c t s r e s u l t i n the l i f t i n g of the 
s i x f o l d s p i n degeneracy of the g r o u n d s t a t e , and one may c a l c u l a t e from [ 1 ] the 
r e s u l t a n t energy l e v e l s and w a v e f u n c t i o n s , and hence the p o s i t i o n s of the 
n m 
(9) 
p r e d i c t e d ESR t r a n s i t i o n s e i t h e r by p e r t u r b a t i o n e t h o d s ' ^ ' o r by an e x a c t 
computational method u s i n g i t e r a t i v e t e c h n i q u e s 
The u s u a l a n a l y s i s of e x p e r i m e n t a l d a t a c o n s i s t s of d e t e r m i n i n g the v a l u e s 
o f D and E which p r o v i d e the b e s t f i t to the o b s e r v e d s p e c t r a . The r a t i o o f t h e s e 
terms, X = E/D, has been shown to be r e l a t e d to the symmetry of the l o c a l 
environment-of the i o n ^ ^ ' ^ \ However, as p r e v i o u s l y p o i n t e d out, e s p e c i a l l y by 
Blumberg^, the p a r t i c u l a r v a l u e s of E , D and X which may be determined f o r a 
s p e c i f i c e x p e r i m e n t a l c a s e a r e not unique, but depend on the system of l a b e l l i n g 
o f the magnetic a x i s which i s adopted. I n f a c t i t can be r e a d i l y shown t h a t t h e r e 
ar e s i x d i s t i n c t ways i n which the magnetic a x i s c o r r e s p o n d i n g to E q , [ l ] may be 
d e f i n e d i n the g e n e r a l c a s e . Although t h i s problem has been d i s c u s s e d p r e v i o u s l y 
i n the l i t e r a t u r e , i n the a u t h o r s ' view t h e r e i s s t i l l a degree of a r b i t r a r i n e s s 
i n the p r e s e n t a t i o n of r e s u l t s by e x p e r i m e n t a l i s t s which may l e a d to some 
d i f f i c u l t i e s i n the comparison of e x p e r i m e n t a l d a t a . The aim of t h i s p u b l i c a t i o n 
i s t h e r e f o r e to develop a s y s t e m a t i c approach to the i d e n t i f i c a t i o n of these 
a x i s systems and the r e l a t i o n s h i p s between the v a l u e s of the s p i n H a m i l t o n i a n 
- 4 -
parameters as measured i n each system, and to i n d i c a t e how d a t a e x p r e s s e d i n 
any a x i s system may be r e a d i l y converted i n t o the s t a n d a r d a x i s system to be 
de f i n e d h e r e . Some a p p l i c a t i o n s of these i d e a s to the i n t e r p r e t a t i o n of 
ex p e r i m e n t a l data, p a r t i c u l a r l y to the ESR spectrum of F e ^ * i n k a o l i n i t e ^ ^ * ^ ^ ^ 
a r e d i s c u s s e d . 
The authors are p a r t i c u l a r l y indebted to the p u b l i c a t i o n s of Blumberg^^^ 
( 9 ) 
and Dowsing and Gibson 
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THEORY AND DATA 
Consi d e r the z e r o - f i e l d terms of the s p i n H a m i l t o n i a n [ 1 ] , i . e . 
^ o = °f^2^ - 3 S(S + 1 ) ] + E [ S ^ 2 _ j 2 ] 
Using the well-knovn quantum me c h a n i c a l r e s u l t 
= S^^ + Sy^ + = SCS + 1) [ 3 ] 
one may r e w r i t e e q u a t i o n (2) i n the form 
M ^ = a-Sx-^ + b.Sy^ + c.Sz^ [A] ^ 2 . . „ 2 . „ .2 o = ^-^^ 
where a = E - D/3 
b = - ( E + D/3) [ 5 ] 
c = 2D/3 
or, c o n v e r s e l y , E = yCa - b ) ; D = 3c/2. [ 6 ] 
From the r e l a t i o n s [4] and [ 6 ] , E and D c l e a r l y depend on the way 
i n which the axes x, y and z a r e s e l e c t e d . Although t h r e e g e n e r a l o r t h o g o n a l 
axes may be l a b e l l e d i n 24 d i f f e r e n t ways to c o r r e s p o n d to a r i g h t - h a n d e d 
C a r t e s i a n s e t , the o v e r a l l second-order c h a r a c t e r of E q . [ 4 ] reduces the number 
to s i x i n e q u i v a l e n t systems, c o r r e s p o n d i n g to the s i x permutations of x, y and z. 
S i x v a l u e s of E and D t h e r e f o r e e x i s t f o r each s e t of e x p e r i m e n t a l d a t a , a l l 
e q u a l l y v a l i d , depending on the l a b e l l i n g of the magnetic a x e s . 
For a x i a l symmetry, the z - a x i s i s c o n v e n t i o n a l l y chosen as the symmetry 
a x i s , and one has D f i n i t e , and E = X » 0. F o r lower symmetries, no uniform 
system of l a b e l l i n g has been adopted, w i t h the r e s u l t t h a t comparison of d a t a 
from the l i t e r a t u r e f r e q u e n t l y n e c e s s i t a t e s the t r a n s f o r m a t i o n o f d a t a from one 
a x i s system to another. Blumberg^^^ suggested the adoption of a 'proper' or 
standard a x i s system, d e f i n e d as t h a t i n which |X| has i t s minimum v a l u e , and E 
and D a r e of the same s i g n . I n terms of E q . [ 4 ] , t h i s r e q u i r e s t h a t 
c 5i a| ^ |b|, such t h a t z i s the d i r e c t i o n of g r e a t e s t ( o r l e a s t ) bonding 
or l i g a n d f i e l d s t r e n g t h . I n t h i s system, here r e f e r r e d to as S^, a l l symmetries 
of a x i a l or orthorhombic type can be r e p r e s e n t e d by v a l u e s of X l y i n g between 
0 and — , The case ^ * "| has been r e f e r r e d to as ' c o m p l e t e l y orthorhombic' and 
^ (5 6) 
corresponds to the c a s e of e q u a l s p l i t t i n g o f the t h r e e Kramers' d o u b l e t s ' 
A l l o t h e r o r t h o r h o n b i c symmetries produce an unequal s p l i t t i n g of t h r e e d o u b l e t s , 
and may t h e r f o r e be regarded as i n t e r m e d i a t e i n symmetry between a x i a l and 
'completely orthorhombic*. 
Denoting the s i x i n e q u i v a l e n t a x i s systems f o r the s p i n H a m i l t o n i a n 
as the s e t 
S. = Ox^y^z^, where i = 1,2 .... 6, and i s the s t a n d a r d a x i s system 
as d e f i n e d , then each of the may be r o t a t e d to the s y s t e m by permuting the 
axes a c c o r d i n g to the c o r r e s p o n d i n g l y numbered t r a n s f o r m a t i o n as l i s t e d i n 
Table 1. 
T a b l e 1. A x i a T r a n s f o r m a t i o n s to r o t a t e system 
^1 ^ r ^1 
^2 X2 - ; ^2 * ^ 2 * ^ 1 
^3 X3 - y i ; x^; ^ 3 " ^1 




^6 " ^6 " ' ' l 
The r e l a t i o n s h i p s between Che v a l u e s o f E ^ , and f o r each a x i s system 
and those i n the s t a n d a r d system a r e g i v e n i n T a b l e 2, w h i l e i n T a b l e 3 
corresponding n u m e r i c a l v a l u e s of f o r each system a r e g i v e n . From T a b l e 3, 
i t can be seen t h a t each a x i s system i s c h a r a c t e r i z e d by a p a r t i c u l a r range 
of v a l u e s of X. From the v a l u e of X r e p o r t e d i n any p u b l i s h e d d a t a , one may 
i n g e n e r a l i d e n t i f y the a x i s system employed, and i t i s a s i m p l e m a t t e r from 
T a b l e s 1 and 2 to o b t a i n the r e q u i r e d a x i s t r a n s f o r m a t i o n and the v a l u e s of 
E, D and X i n the s t a n d a r d system. 
I t may be worth b r i e f l y connnenting on the s i g n of the terms D and E, 
The s i g n of D can be determined e x p e r i m e n t a l l y a n d has an a b s o l u t e 
meaning w i t h i n a given a x i s system: r e v e r s i n g the s i g n of D r e v e r s e s the o r d e r 
o f energy of the th r e e Kramers d o u b l e t s . The s i g n of E i s i n a sense a r b i t r a r y , 
s i n c e i n t e r c h a n g i n g x and y axes ( t r a n s f o r m a t i o n T^) r e v e r s e s the s i g n of E w h i l e 
l e a v i n g D. unchanged. T h i s can be seen from r e l a t i o n s [ 6 ] . I n the a x i s system 
S^, E and D always have the same s i g n , by d e f i n i t i o n . 
T able 2, Values of E , D and X i n each a x i s system S. 









1 + Xg 
3X^-1 
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T a b l e 3. Corresponding n u m e r i c a l v a l u e s of X i n each a x i s 
• system S i 
h ^3 ^6 
0.00 1.00 0.00 1.00 -1.00 -1.00 
0.10 0.69 HD.IO 1.57 -0.69 -1.57 
0.20 0.50 -0.20 3.00 -0.50 -3.00 









APPLICATION: ESR OF Fe^"*" IN KAOLINITE 
C a s t n e r and c o w o r k e r s ^ f i r s t e x p l a i n e d the o c c u r r e n c e of a resonance 
a t g = 4.3 as being due to F e ^ * s u b s t i t u t i n g f o r s i l i c o n i n g l a s s e s . By 
u s i n g the s p i n Hamiltonian (Eq. 1 ) , and assuming E>>gBH and D = 0, t h e i r 
c a l c u a l t i o n s p r e d i c t e d an i s o t r o p i c g v a l u e of A.29 f o r t h e ' c e n t r a l Kramers* 
doublet. Hence i n t h e i r n o t a t i o n X = «, t h a t i s t h e i r a x i s system i s i n 
our n o t a t i o n , which on a p p r o p r i a t e t r a n s f o r m a t i o n of axes g i v e s X = i n the 
standard a x i s system. 
(4) 
Boesman and Schoemaker "^studied the ESR s p e c t r a of a number of n a t u r a l 
k a o l i n i t e s [ A l ^ S i ^ 0^^ (OH)g] and observed l i n e s a t g - v a l u e s of 5.00, 4.16 
and 3.52. F o l l o w i n g the theory of C a s t n e r and c o w o r k e r s ' " a n d i n t r o d u c i n g 
2 2 
a s m a l l D term as a p e r t u r b a t i o n on the e i g e n s t a t e s of E ( S x - Sy ) , they 
obtained to second order i n p e r t u r b a t i o n theory the e x p r e s s i o n s (our 
s u b s c r i p t s , denoting a x i s s y s t e m ) : 
30 30 120 ^ 30 120 ^4 
° 7 ' ^x^ = 7 • 49 E ^ ' " 7 49 E ^ 
f o r the g-values i n the c e n t r a l d o u b l e t . They o b t a i n e d a r e a s o n a b l e f i t of 
t h e i r d ata to such a theory f o r D^/E^ 0.31, i . e . X^ = 3.2. 
Now, s i n c e the p o s i t i o n of the p r e d i c t e d t r a n s i t i o n s i s independent 
of the a r b i t r a r y c h o i c e of a x i s system, ona would expect to o b t a i n the same 
p r e d i c t e d g-values by working i n the s t a n d a r d a x i s system i f they theory of 
Boesman and Schoemaker i s v a l i d . T r a n s f o r m i n g t h e i r r e s u l t s i n t o the 
system S^ ,^ one o b t a i n s X^ = 0.21. I n t h i s a x i s system one may u t i l i z e 
the method of s o l u t i o n of the s p i n H a m i l t o n i a n (1) o u t l i n e d by Wickman 
and coworkers^ and Holuj^®^. By t h i s method, one p r e d i c t s t h a t the 
g-values i n the c e n t r a l doublet a r e , f o r X^ = 0.21: 
g = 3.81, g = 3.44, g = 5.00 
1 "U) ^1 1 
Two of these are f a i r l y c l o s e to the v a l u e s found by Boesman and Schoemaker 
(4) 
but the t h i r d , g (= g ) i s s u b s t a n t i a l l y i n disagreement. The a c c u r a c y of 
^1 Z4 
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the s o l u t i o n s of Wickman^^^ provided t h a t D i s g r e a t e r than about t w i c e 
the Zeeman energy (gBH) can be e s t a b l i s h e d from the e x a c t c o m p u t a t i o n a l 
( 9 ) 
s o l u t i o n s of Dowsing and Gibson , Moreover, f o r no v a l u e s of D and X 
are the p a r t i c u l a r s e t of g-values p r e d i c t e d and observed by Boesman and 
Schoemaker expected. 
That the Bocsman-Schoemaker theory i s i n e r r o r i s h a r d l y s u r p r i s i n g , 
s i n c e t h e i r data r e q u i r e s D 0.3E, which does not seem to j u s t i f y t h e i r 
use of p e r t u r b a t i o n theory, p a r t i c u l a r l y as an a d d i t i o n a l assumption must 
be made con c e r n i n g the s m a l l n e s s of the Zeeman term, i n t r o d u c e d as an 
a d d i t i o n a l p e r t u r b a t i o n . 
We t h e r e f o r e re-examined the ESR spectrum of k a o l i n i t e V » 
found t h a t a t 77°K four l i n e s c o u l d be r e s o l v e d i n the r e g i o n where 
Boesman and Schoemaker had only observed t h r e e . Two of the l i n e s a r e c l o s e 
t o g e t h e r , and u n r e s o l v e d i n the powder spectrum a t 300^'K. E x a m i n a t i o n of 
the second d e r i v a t i v e spectrum p l a c e s beyond doubt the e x i s t e n c e of four 
l i n e s i n t h i s r e g i o n . 
Assuming t h a t these l i n e s were a t t r i b u t a b l e to a t l e a s t two d i s t i n c t 
s u b s t i t u t i o n a l s i t e f o r Fe"'*, f o r which t h e r e i s a d d i t i o n a l e v i d e n c e 
d e s c r i b e d e l s e w h e r e ^ ^ ^ \ we were a b l e to measure approximate g-values ( i n 
the s t a n d a r d a x i s s y s t e m ) : 
C e n t r e I g ( i s o t r o p i c ) « 4.2 
Cen t r e I I = 4.9, g^ = 3.7, gy = gy - 3.5 
For C e n t r e I , X 'v- 0.33. For C e n t r e I I , we can o b t a i n a f a i r l y c l o s e 
(9) 
f i t to the observed g-values by the method of Dowsing and Gibson 
f o r X = 0.22 + 0.01 
and D = 0 . 5 ± 0 . 1 cm ^. 
F u r t h e r e x p e r i m e n t a l d a t a f o r these c e n t r e s , t o g e t h e r w i t h s i t e assignments 
are b e i n g obtained i n these l a b o r a t o r i e s a t the p r e s e n t time. 
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S y n t h e t i c k a o l i n i t e s o f v a r y i n g c r y s t a l l i n i t y , and i n some i n s t a n c e s 
w i t h i d e a l morphology, have been produced by h y d r o t h e r m a l r e a c t i o n o f 
34- 3+ 
a l u m i n o s i l x c a t e g e l s . S y n t h e t i c k a o l i n i t e s doped w i t h Mg and F e 
were a l s o o b t a i n e d . 
3-f 
S y n t h e t i c k a o l i n i t e doped w i t h Fe produced an ESR sp e c t r u m a t g = 4 
i d e n t i c a l t o s p e c t r a observed i n n a t u r a l k a o l i n i t e s . F o l l o w i n g X - i r r a d i a t i o n 
and a n n e a l i n g a t 2oo^C, s y n t h e t i c k a o l i n i t e doped w i t h Mg^ **" e x h i b i t e d an 
ESR s i g n a l a t g = 2.0 i d e n t i c a l t o a re s o n a n c e o b s e r v e d i n n a t u r a l k a o l i n i t e s . 
I t i s concluded t h a t the g = 2.0 s i g n a l i n k a o l i n i t e i s due t o a d e f e c t 
c e n t r e s t a b i l i z e d by Mg^ "*" s u b s t i t u t i o n . 
A l l s y n t h e t i c and n a t u r a l k a o l i n i t e s e x h i b i t an a d d i t i o n a l r e s o n a n c e 
a t g = 2,0 f o l l o w i n g X - i r r a d i a t i o n which can be r e p e a t e d l y c r e a t e d and 
d e s t r o y e d by i r r a d i a t i o n and a n n e a l i n g . T h i s r e s o n a n c e i s a t t r i b u t e d t o 
"3+ 4+ 
d e f e c t s p o s s i b l y a s s o c i a t e d e i t h e r w i t h the s u b s t i t u t i o n o f A l f o r S i 
i n k a o l i n i t e o r w i t h l a t t i c e v a c a n c i e s . 
INTRODUCTIOn 
A number o f workers have suggested t h a t many o f the p h y s i c a l and 
ch e m i c a l p r o p e r t i e s o f c l a y s may be i n f l u e n c e d by the p r e s e n c e o f d e f e c t s 
o f v a r i o u s t y p e s i n t h e i r s t r u c t u r e {Ear2ey, 1953; R o b e r t s o n , a r i n d l e y & 
Mackenzie, 1954; S c h o f i e l d and Sampson, 1954; Hoffman., Boehm and Groraes, 1961; 
C a i m s - S r a i t h , 1966? V J o r r a l l and Cooper, 1966). The term ' d e f e c t s * i s used 
here i n i t s w i d e s t s e n s e , i m p l y i n g any m o d i f i c a t i o n o f the r e a l c r y s t a l 
l a t t i c e from i d e a l c o m p o s i t i o n . The m o d i f i c a t i o n s may t a k e the form o f 
im p u r i t y atoms o r i o n s , e i t h e r i n i n t e r s t i t i a l o r i n t e r l a y e r s i t e s o r d i r e c t l y 
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replacing the nomal l a t t i c e ions. Additional p o s s i b i l i t i e s include 
l a t t i c e vacancies and polar defects. The occurrence of polar d e f e c t s i n 
c l a y s has been studied by d i e l e c t r i c r e l a x a t i o n methods and i n f r a r e d absorption 
spectroscopy (Van Keymeulen and Dekeyser, 1957; Arjona and F r i p i a t , 1967) 
and w i l l not be considered further here. 
With the exception of i r o n group t r a n s i t i o n metal ions, many of the 
defects outlined above are non-paramagnetic. However, e i t h e r l a t t i c e 
vacancies or s u b s t i t u t e d ions v;hose formal charge d i f f e r s from t h a t of the 
replaced l a t t i c e ion may function as trapping s i t e s for e l e c t r o n s or h o l e s . 
The r e s u l t a n t paramagnetic systems, r e f e r r e d to as 'defect c e n t r e s ' , are often 
detectable by e l e c t r o n spin resonance (ESR) spectroscopy. 
Reports of a number of i n v e s t i g a t i o n s of ESR phenomena a s s o c i a t e d with 
k a o l i n i t e s have been published (Boesman and Schoemaker, 1961; F r i e d l a n d e r , FriMi 
and S a l d i c k , 1963; Wauchope and Hague, 1971; Angel and H a l l , 1973). I n t h i s v;ork 
k a o l i n i t e s from a wide v a r i e t y of locations were found to contain paramagnetic 
impurities which produce an ESR spectrum s i m i l a r to that i l l u s t r a t e d i n 
F i g . 3a. The two main features of the spectrum are centred a t g-values of 
approximately 4 and 2 and occur almost without exception i n a l l n a t u r a l 
k a o l i n i t e s , although d i f f e r e n c e s i n the r e l a t i v e i n t e n s i t y and lineshape of 
the s i g n a l s , p a r t i c u l a r l y in the region of g = 4, are evident. 
Previous i n v e s t i g a t i o n s of ESR i n k a o l i n i t e have been confined to 
n a t u r a l samples, and consequently the information a v a i l a b l e from such 
studies i s l i m i t e d by two major d i f f i c u l t i e s . F i r s t l y , no s i n g l e c r y s t a l s 
of k a o i i n i t e l a r g e r than the order of lOu .m e.s.d. are a v a i l a b l e , so t h a t 
a d e t a i l e d a n a l y s i s of the angular dependence of the spectrum, permitting the 
determination of the o r i e n t a t i o n of the paramagnetic species with r e s p e c t 
to the k a o l i n i t e c r y s t a l axes, i s not p o s s i b l e . Secondly, a l l n a t u r a l 
k a o l i n i t e s studied as bulk samples i n v a r i a b l y contain a m u l t i p l i c i t y of 
minor chemical and mineralogical i m p u r i t i e s . Because of the s e n s i t i v i t y 
-of the ESR technique the presence of even r e l a t i v e l y low l e v e l s of e x t e r n a l 
impurities may s i g n i f i c a n t l y modify the observed spec t r a . In assigning 
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the f e a t u r e s of the ESR s p e c t r a to s p e c i f i c c e n t r e s l o c a t e d w i t h i n t h e 
l a t t i c e g r e a t c a r e must t h e r e f o r e be taken- t o e x c l u d e t h e p o s s i b l y , 
c o n t r i b u t o r y e f f e c t o f suc h i m p u r i t i e s . 
N e v e r t h e l e s s , r e s u l t s o b t a i n e d by ESR s t u d i e s o f n a t u r a l k a o l i n i t e s 
s u b j e c t e d to a v a r i e t y o f p h y s i c a l and c h e m i c a l t r e a t m e n t s have demonstrated 
t h a t t h e major f e a t u r e s o f the ESR s p e c t r a a r e due t o d e f e c t s l o c a t e d v / i t h i n 
the l a t t i c e (Angel and H a l l , 1973; H a l l , Angel and B r a v e n , 1 9 7 4 ) . T h e s e 
r e s u l t s have l e d to the c o n c l u s i o n t h a t t h e g = 4 s i g n a l s i n k a o l i n i t e a r e due 
t o F e ^ ^ i o n s o ccupying two d i s t i n c t s u b s t i t u t i o n a l s i t e s , and t h a t t h e -
s i g n a l s a t g = 2 a r e due e i t h e r t o i r o n i n an environment o n l y s l i g h t l y 
d i s t o r t e d from cxibic syirunetry o r t o tra p p e d d e f e c t c e n t r e s . The s t i b s t i t u t i o n " 
o f i r o n i n k a o l i n i t e h as been e s t a b l i s h e d by Mttssbauer s p e c t r o s c o p y (Maiden 
and Meads, 1967) and r e c e n t l y by e l e c t r o n m i c r o s c o p e m i croprobe . a n a l y s i s 
(Hogg, Jepson and Rowse, 1 9 7 3 ) . From a c o n s i d e r a t i o n o f the k a o l i n i t e 
s t r u c t u r e , one would e x p e c t t h a t F e ^ * c o u l d r e p l a c e e i t h e r A l ^ ^ o r S i ^ * , w h i l e 
d e f e c t c e n t r e s might o c c u r anywhere i n the s t r u c t u r e . I t was t h e r e f o r e 
c o n s i d e r e d t h a t u n e q u i v o c a l assignment of the o b s e r v e d s p e c t r a l f e a t u r e s t o 
s p e c i f i c c e n t r e s c o u l d o n l y be a c h i e v e d by c o n t r o l l i n g the p u r i t y o f t h e k a o l i n i t 
and the n a t u r e o f the s u b s t i t u t i o n a l i o n s p r e s e n t . F o r t h i s r e a s o n , . samples 
o f s y n t h e t i c k a o l i n i t e were p r e p a r e d both w i t h and w i t h o u t the a d d i t i o n o f 
known i m p u r i t i e s . Through t h e p r o c e s s of c o n t r o l l e d s y n t h e s i s and doping o f 
k a o l i n i t e i t i s p o s s i b l e not o n l y t o make more d e f i n i t e a s s i g n m e n t s o f t h e 
f e a t u r e s o f the ESR s p e c t r a o f n a t u r a l k a o l i n i t e t o known s p e c i e s , b u t a l s o 
t o s t u d y more c o m p r e h e n s i v e l y the e f f e c t o f l a t t i c e s u b s t i t u t i o n s on t h e 
p h y s i c a l and c h e m i c a l p r o p e r t i e s of k a o l i n i t e . 
As f a r as the a u t h o r s a r e aware t h e r e a r e no r e p o r t s i n a v a i l a b l e 
l i t e r a t u r e on the s u c c e s s f u l s y n t h e s i s and combined doping o f k a o l i n i t e . A l s o 
we note t h a t a l t h o u g h t h e r e have been numerous r e p o r t s o f the s u c c e s s f u l 
s y n t h e s i s o f k a o l i n i t e , i n g e n e r a l the morphology o f t h e p r o d u c t s h a s not 
resembled n a t u r a l k a o l i n i t e s and i n many i n s t a n c e s t h e b a s i s o f i d e n t i f i c a t i o n 
has been almost e x c l u s i v e l y by X-ray d i f f r a c t i o n . 
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I n part I of t h i s p u b l i c a t i o n the method of preparation and 
c h a r a c t e r i z a t i o n of the s y n t h e t i c and doped s y n t h e t i c k a o l i n i t e s i s 
described, together with the general features of t h e i r ESR s p e c t r a . F u r t h e r 
experimental studies which were undertaken and v;hich l e a d to more d e f i n i t e 
assignment of the ESR spectra to knov/n paramagnetic s p e c i e s are described 
i n part I I . 
EXPERii-:=:r^AL 
Synthetic kao'linites were prepared by hydrothermally r e a c t i n g 
a l u m i n o s i l i c a t e gels at temperatures up to approximately 300*^C. The g e l s 
were prepared by methods s i m i l a r to those described by Leonard and co-workers 
(1964) which involve the simultaneous h y d r o l y s i s of aluminixjm isopropoxide and 
t e t r a e t h y l o r t h o s i l i c a t e . A f t e r hydrolysing overnight the g e l s were recovered 
as dry powders by rotary evaporation. Doping of the g e l s with Fe^ "*" and Mg^"*" 
Ions was achieved by adding an appropriate soluble s a l t during h y d r o l y s i s . 
S t a i n l e s s s t e e l pressure v e s s e l s were used for the s y n t h e s i s . I t was 
found that at temperatures as low as 250°C i n e r t l i n e r s had to be used to 
prevent poisoning of the r e a c t i o n and contamination from the s t a i n l e s s s t e e l . 
For temperatures up to 300^ C i t was p o s s i b l e to use PTFE tubes as l i n e r s , 
plugged a t each end with s o l i d PTFE rods. F i n a n c i a l considerations 
prevented the use of gold or platinum for the l i n e r s . I n order to prevent 
the plugs from being pushed out of the ends of the PTFE tubes during the 
reaction the pressure i n s i d e the tubes was balanced by having a l i t t l e water 
i n s i d e the s t a i n l e s s s t e e l pressure v e s s e l . Although the p h y s i c a l p r o p e r t i e s 
of PTFE change s l i g h t l y at temperatures above 250° C i t remains chemically 
i n e r t up to approximately 320°C. In these experiments the r e a c t i o n temperature 
was u s u a l l y maintained a t 280*^ C and controlled to w i t h i n ± 3°C. VJith 
these experimental arrangements the pressure a t which the reaction occurred ^ 1 
was governed by the saturated vapour pressure of water a t the r e a c t i o n 
F I G . 1 
X-Ray d i f f r a c t i o n t r a c e of s y h t h e t i c k a o l i n i t e 
Ay 
F I G . 2 
I n f r a - r e d spectrum of s y n t h e t i c k a o l i n i t e 
4000 3500 





t e m p e r a t u r e . To produce w e l l - f o r m e d k a o l i n i t e i t was n e c e s s a r y t o r e a c t _ 
the g e l s f o r a t l e a s t 7 d a y s . 
ESR s p e c t r a . X-ray d i f f r a c t o g r a m s , i n f r a r e d a b s o r p t i o n s p e c t r a and 
e l e c t r o n micrographs were r e c o r d e d on s t a n d a r d c o m m e r c i a l l y a v a i l a b l e 
equipment. C h e m i c a l a n a l y s i s o f g e l s and r e a c t i o n p r o d u c t s were c a r r i e d out 
w i t h the k i n d c o - o p e r a t i o n of Watts B l a k e and Bearne and Co., L t d . , Newton Abbot, 
Devon, by X-ray f l u o r e s c e n c e s p e c t r o m e t r y . 
RESULTS AND DISCUSSION 
The degree t o which s y n t h e t i c k a o l i n i t e s produced by t h e t e c h n i q u e s 
j u s t d e s c r i b e d resemble n a t u r a l p r o d u c t s can be s e e n from t h e X-ray 
d i f f r a c t o g r a m , i n f r a r e d spectrum and e l e c t r o n micrograph i l l u s t r a t e d i n 
F i g s . 1 and 2 and P l a t e 1 r e s p e c t i v e l y . 
The m a j o r i t y o f the ESR r e s u l t s can be b e s t u n d e r s t o o d w i t h 
r e f e r e n c e t o the s p e c t r a i l l u s t r a t e d i n F i g s . 3 and 4. 
The g e n e r a l f e a t u r e s o f the ESR spectrum t y p i c a l o f most n a t u r a l • 
k a o l i n i t e s a r e shown i n F i g . 3a and on an expanded magnetic f i e l d s c a l e 
i n F i g . 4a. The spectrum was o b t a i n e d from a k a o l i n i t e from S t . A u s t e l l , 
C o r n w a l l whose X-ray c r y s t a l l i n i t y i n d e x d e t e r m i n e d by the method o f 
H i n c k l e y (1961) i s 0.95. As d e s c r i b e d p r e v i o u s l y the two main groups o f 
s i g n a l s o c c u r a t g = 4 and g = 2. 
An undoped s y n t h e t i c k a o l i n i t e ( H i n c k l e y c r y s t a l l i n i t y i n d e x 0.90) 
o f r e a s o n a b l y h i g h p u r i t y , governed by the p u r i t y o f t h e r e a c t a n t s , 
produces no s i g n i f i c a n t ESR spectrum ( F i g . 3 b ) . 
X - i r r a d i a t i o n o f t h i s pure s y n t h e t i c k a o l i n i t e f o r 3 h o u r s a t 35 kV and 
8 mA beam c u r r e n t produced an i n t e n s e i s o t r o p i c ESR s i g n a l a t g = 2.0 ( F i g , 3c) 
o f l i n e w i d t h a p p r o x i m a t e l y 60 g a u s s . T h e r e i s some e v i d e n c e o f hyper f i n e 
s t r u c t u r e , a number o f weak h y p e r f i n e components s e p a r a t e d by a p p r o x i m a t e l y 
8 gauss b e i n g r e s o l v e d ( F i g . 4b) . T h i s r e s o n a n c e can be c o m p l e t e l y a n n e a l e d 
a t t e m p e r a t u r e s o f 200°C o r above. S i m i l a r s i g n a l s a r e o b s e r v e d i n i r r a d i a t e d 
n a t u r a l k a o l i n i t e s (Angel and H a l l , 1973; H a l l ^ 1 9 7 3 ) b u t a r e l e s s e a s i l y 
FIG. 3 
E.S.R. Spectra of natural and doped s y n t h e t i c 
k a o l i n i t e recorded over the range 0 - 6K3 
9=4 
9=2 
Natural k a o l i n i t e 
Undoped s y n t h e t i c k a p l i n i t e 
Undoped s y n t h e t i c 
k a o l i n i t e i r r a d i a t e d 
Synthetic k a o l i n i t e doped 
with Fe"* 
Synthetic k a o l i n i t e doped with 
• V 3+ 
Fe and i r r a d i a t e d 
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detectable due to the f a c t that the X-ray induced s i g n a l i s superimposed 
on, but independent of, the predominant asymmetric two-line s i g n a l a t g = 2. 
In both n a t u r a l and s y n t h e t i c k a o l i n i t e s the i s o t r o p i c g = 2.O s i g n a l 
immediately following i r r a d i a t i o n i s quite intense. Although the s i g n a l 
decays slov/ly i t does not completely anneal a t room temperature, and 
in natural k a o l i n i t e s which have not been i r r a d i a t e d i n the laboratory a weak 
resonance i s us u a l l y detectable (Angel and H a l l , 1973). The i s o t r o p i c s i g n a l 
can be created and destroyed a number of times by repeated i r r a d i a t i o n and 
annealing. When the i s o t r o p i c s i g n a l i s annealed by heating n a t u r a l k a o l i n i t e s 
a t 200°C the asymmetric g = 2 s i g n a l remains uncharged. The thermal s t a b i l i t y 
of the i s o t r o p i c radiation-produced resonance i s therefore s i g n i f i c a n t l y lower 
than that of the asymmetric g = 2 s i g n a l , which can only be removed a t 
temperatures i n excess of 400^C. Moreover the asymmetric s i g n a l could not 
be reproduced i n k a o l i n i t e by any method following i t s removal. 
From the s i m i l a r i t y of the radiation-induced s i g n a l to resonances 
observed i n i r r a d i a t e d quartz ( G r i f f i t h s , Owen and Ward, 1955) and s i l i c a t e 
glasses-'(Lee and Bray, 1962) we a t t r i b u t e the spectrum to a hole l o c a t e d on 
an Al-0 bond at the s i t e of an aluminium ion replacing s i l i c o n i n the ^ 
tetrahedral l a y e r of k a o l i n i t e . An a l t e r n a t i v e p o s s i b i l i t y i s an e l e c t r o n 
trapped at an anion vacancy (VJertz, Orton and Auzins, 1961), I n e i t h e r case 
some hyperfine s t r u c t u r e due to the i n t e r a c t i o n of the unpaired s p i n s with 
nearest neighbour aluminium n u c l e i (^^Al, 100% abundant; I = ^/2) would 
be expected. The magnitude of the observed hyperfine s p l i t t i n g i s cl o s e to 
the values reported by G r i f f i t h s , Owen and VJard (1955) and Lee and Bray (1962) 
for the defect centres i n i r r a d i a t e d quartz and gl a s s e s r e s p e c t i v e l y . 
The ESR spectrum of an Fe"^^-doped s y n t h e t i c k a o l i n i t e ( F i g . 3d) c o n s i s t s 
of l i n e s at g = 4 c h a r a c t e r i s t i c of na t u r a l k a o l i n i t e s but with no s i g n i f i c a n t 
s i g n a l s a t g = 2.O. Extensive l i t e r a t u r e e x i s t s describing resonances 
close to g = 4 which are firmly e s t a b l i s h e d as being a t t r i b u t a b l e to f e r r i c 
ions occupying a v a r i e t y of low-syr.unetry c r y s t a l l i n e environments i n a 
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range of materials (Castner and co-workers, 1960; Aasa and co-workers, 1963; 
Wickman, K l e i n and S h i r l e y , 1965). ' In p a r t i c u l a r Kemp (1972, 1973) has 
observed ESR spectra i n phlogopite and muscovite micas a t t r i b u t e d to 
substituted Fe^ "*" ions. Resonances of t h i s type may be due to f e r r i c ions 
i n e i t h e r 6-fold or 4-fold co-ordination, provided that the d i s t o r t i o n from 
octahedral or tetrahedral symmetry i s s u f f i c i e n t to produce r e l a t i v e l y large 
c r y s t a l f i e l d terms ( G r i f f i t h , 1964). The g = 4 s i g n a l s i n k a o l i n i t e might 
therefore be a t t r i b u t e d to Fe'^^ r e p l a c i n g e i t h e r aluminium or s i l i c o n . 
The absence of any s i g n a l a t g = 2,0 i n the Fe^^-doped sample ( F i g s . 3d 
and 4c) i s strong evidence that resonances c h a r a c t e r i s e d by t h i s g-value i n nature 
k a o l i n i t e s are not due to Fe"^ "*" as p r e v i o u s l y suggested by . Angel and 
H a l l , (1973). X - i r r a d i a t i o n of the Fe'^'^-doped s y n t h e t i c k a o l i n i t e , w h i l e 
producing the i s o t r o p i c g = 2 s i g n a l described p r e v i o u s l y ^ n e i t h e r produced 
any change i n the l i n e s at g = 4 nor gave any i n d i c a t i o n of a resonance 
resembling the asymmetric 2-line s i g n a l i n n a t u r a l k a o l i n i t e , ( F i g . 3e) . 
X - i r r a d i a t i o n of natural and pure s y n t h e t i c k a o l i n i t e s a l s o f a i l s t o 
reproduce t h i s resonance. These r e s u l t s strongly i n d i c a t e that the two-line 
s i g n a l at g = 2.0 i n natural k a o l i n i t e s i s not a t t r i b u t a b l e to Fe^^, nor i s i t 
merely due to the e f f e c t of i r r a d i a t i o n on the i n t r i n s i c l a t t i c e . There 
remained the p o s s i b i l i t y that the two-line s i g n a l was due to a r e l a t i v e l y 
s t a b le defect centre i n natural k a o l i n i t e s a s s o c i a t e d with some other type 
of "lattice s u b s t i t u t i o n . 
Wauchope and Haque (1971) s t a t e that the resonance a t g = 2 i n n a t u r a l 
k a o l i n i t e s resembles spectra due to defects i n c a t a l y t i c oxides. We 
therefore considered the p o s s i b i l i t y that the resonance might be a t t r i b u t e d to 
a species located on an oxygen atom i n the k a o l i n i t e s t r u c t u r e . The absence 
of hypert'ine s t r u c t u r e i n d i c a t e s that the paramagnetic centre does not 
s i g n i f i c a n t l y i n t e r a c t with aluminium. The unpaired spins are therefore 
u n l i k e l y to be located on an oxygen atom bonded to aluminium, although 
perhaps a weak hyperfin'e i n t e r a c t i o n might not be resolved i n the ESR spectrum 
Natural k a o l i n i t e 
50 gauss 
Sgauss 
undoped s y n t h e t i c 
k a o l i n i t e 
Q Synthetic k a o l i n i t e doped with Fe 3+ 
FIG. 4 
Expanded E.S.R. spectra of natural and syn t h e t i c k a o l i n i t e i n the g = 2.0 
region. 
J 50 gauss •— 
d Synthetic k a o l i n i t e doped with Mg^"*" 
Synthetic kaoJj,ni.te 
doped with Mg and 
ir r a d i a t e d g=200 
Synthetic k a o l i n i t e doped 
with Mg^"*", i r r a d i a t e d 
and annealed ( c . f . Aa) 
FIG. 4 (Contd.) 
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of a randomly orientated powder. 
Chemical a n a l y s i s of a l l the na t u r a l k a o l i n i t e s i n which the two-line 
2+ 
g = 2 s i g n a l i s observed i n d i c a t e s the presence of magnesium. As Mg and 3+ 2+ Al are of approximately the same i o n i c r a d i u s , and s u b s t i t u t i o n of Mg for 
A l ^ ^ i s w e l l known for c l a y minerals of the mica and smectite groups, we 
considered the p o s s i b i l i t y that a defect i n k a o l i n i t e which produces the 
g • - 2.0 s i g n a l might be a hole trapped on an oxygen atom and s t a b i l i s e d by 
s u b s t i t u t i o n of t-'ig^ ^ for A l ^ ^ . Synthetic k a o l i n i t e doped with Mg^**^  was 
therefore prepared as described e a r l i e r . No s i g n i f i c a n t f e a t u r e s were observed 
i n the ESR spectrum of t h i s sample ( F i g . 4d) , However, X - i r r a d i a t i o n of the 
Mg^^-doped sample produces the spectrum i l l u s t r a t e d i n Figu r e 4e. At g = 2 
there appears to be a t l e a s t two overlapping s i g n a l s , one of which i s s i m i l a r 
to the radi a t i o n induced s i g n a l i n the i r r a d i a t e d undoped s y n t h e t i c k a o l i n i t e s 
(Fig, 4b). This s i g n a l , as before, can be removed by heating the sample a t 
200*^0 for two hours. The spectrum of the annealed sample ( F i g . 4f) contains 
only the asyrunetric l i n e s a t g = 2 i d e n t i c a l to those i n n a t u r a l k a o l i n i t e s 
( c f . F i g s , 4a and 4e) , The species responsible for the resonance i s therefore 
stSLbilized by the presence of magnesium i n the k a o l i n i t e l a t t i c e . 
An a l t e r n a t i v e to the Mg^^ion which might produce the same e f f e c t i s 
Fe^"*^, which has the same charge and a s i m i l a r i o n i c r a d i u s . Attempts to 
produce s y n t h e t i c k a o l i n i t e doped with Fe^^ have so f a r been uns u c c e s s f u l , and 
to date we have been able to reproduce the two-line g = 2 s i g n a l only by the 
method described above. 
For the sake of c l a r i t y we adopt a t t h i s point a sys t e m a t i c nomenclature, 
c o n s i s t i n g of l e t t e r s and numbers, for the paramagnetic centres occurring i n 
k a o l i n i t e . We suggest that radiation-produced defects s t a b i l i s e d by l a t t i c e 
s u b s t i t u t i o n s or vacancies should be l a b e l l e d by l e t t e r s , and t h a t centres due 
to paramagnetic ions d i r e c t l y s u b s t i t u t i n g i n k a o l i n i t e (in t h i s work Fe^^ only) 
should be l a b e l l e d by Roman numerals in accordance with our previous p u b l i c a t i o n 
(Angel and H a l l , 1973), I n summary, therefore, the r e s u l t s d e s c r i b e d here show 
f a i r l y c o n c l u s i v e l y that: 
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(a) The predominant asymmetric two-line s i g n a l at g = 2.0 i n n a t u r a l k a o l i n i t e 
i s a t t r i b u t e d to a defect centre, (A-centre), probably a hole, s t a b i l i z e d 
2+ 3+ by the presence of Hg s u b s t i t u t i n g for Al i n k a o l i n i t e . The defect i s very 
stable and can. only be annealed above 400*^0, a t which temperatures l a t t i c e 
dehydroxylation i s commencing. 
(b) Additional s i g n a l s at g = 2.0 which are a t t r i b u t a b l e to other types of 
defect centre (B-centres) are l e s s intense i n n a t u r a l k a o l i n i t e s but can be 
enhanced by X - i r r a d i a t i o n , S i g n a l s a t t r i b u t a b l e to B-centres are observed i n 
a l l i r r a d i a t e d natural and s y n t h e t i c k a o i i n i t e s , and can be repeatedly created 
and destroyed by X - i r r a d i a t i o n and annealing below the temperature of 
dehydroxyiation of k a o l i n i t e . 
(c) S u b s t i t u t i o n of Fe^ "*" in s y n t h e t i c k a o l i n i t e produces resonances a t g = 4 
i d e n t i c a l to those observed in n a t u r a l k a o l i n i t e , which we have shown from 
previous work (Angel and H a l l , 1973) to comprise two components a t t r i b u t a b l e to 
two s u b s t i t u t i o n a l Fe*^^ centres (Centres I and I I ) . 
- 11 -
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ELECTROM SPIN RE30NAI-ICE STUDIES OF DOPED SYNTHETIC KAOLINITE. I I 
by 
J.P.E. Jones, B.R, Angel and Peter L. H a l l 
School of Mathematical Sciences, 
Plymouth Polytechnic , 




I t i s shown from studies of s y n t h e t i c k a o l i n i t e s doped with Fe^* 
that the ESR spectrum of k a o l i n i t e at g = 4 c o n s i s t s of two components 
att r i b u t e d to Fe^^ ions occupying two d i s t i n c t s u b s t i t u t i o n a l s i t e s 
(Centres I and I I ) . The r e l a t i v e i n t e n s i t y of the two components can be 
corr e l a t e d with the X-ray c r y s t a l l i n i t y of the samples. The ESR spectrum was 
influenced by a r t i f i c i a l changes in c r y s t a l l i n i t y produced by s\abjecting 
samples to high s t r e s s e s or by i n t e r c a l a t i o n . I t i s concluded that Centre I I 
i s due to Fe^ "*" replacing Al^"*" i n the octahedral l a y e r i n a region of high 
c r y s t a l l i n i t y . Centre I i s assigned to Fe"^ "*^  occupying Al^"*" s i t e s d i s t o r t e d by 
changes i n the hydroxyl or i e n t a t i o n s a s s o c i a t e d with l a y e r s t a c k i n g disorder or 
disruption of i n t e r l a y e r bonding, 
A s t a b l e defect centre i n k a o l i n i t e which produces an ESR spectrum a t 
g ^ 2.0 i s at t r i b u t e d to e i t h e r a hole centre located on an Si-O bond adjacent 
to an Mg^"*" octahedral impurity or to an 0~ ion trapped within the l a t t i c e . 
INTRODUCTION 
In part I we at t r i b u t e d the ESR sp e c t r a of na t u r a l k a o l i n i t e s to Fe^"*" 
impurities and defect centres within the k a o l i n i t e l a t t i c e . I n p a r t i c u l a r , we 
were able to reproduce the c h a r a c t e r i s t i c s i g n a l s at g = 4 i n n a t u r a l c l a y s by 
doping a sy n t h e t i c k a o l i n i t e with f e r r i c i o n s , and to reproduce the g = 2,0 
resonance found i n natural c l a y s by X - i r r a d i a t i o n and subsequent annealing of 
an Mg^ ^ doped s y n t h e t i c k a o l i n i t e . • The annealing ( a t 200°C) was necessary 
i n order to remove other defects (B-centres) whose sp e c t r a obscure the asymmetric 
g = 2.0 s i g n a l immediately a f t e r i r r a d i a t i o n . From these r e s u l t s we concluded 
that s u b s t i t u t i o n a l Fe^* ions were responsible for the s i g n a l s at g = 4, while 
the s i g n a l at g = 2.0; was a t t r i b u t a b l e to a thermally s t a b l e defect centre 
(A-centre) s t a b i l i z e d by the s u b s t i t u t i o n of Mg^"*" for Al^"*" i n k a o l i n i t e . 
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I n t h i s paper, we d i s c u s s a d d i t i o n a l experimental s t u d i e s which were 
undertaken i n order to obtain more d e t a i l e d information regarding these 
centres, leading to t h e i r assignment, i n s o f a r as p o s s i b l e , to s p e c i f i c s i t e s 
within t h e - k a o l i n i t e l a t t i c e . Section A contains the work r e l a t i n g to the 
Fe^^ centres, while s e c t i o n B discusses the nature of the A-centre. 
RESULTS AMD DISCUSSION 
A. Fe^ "*" Centres i n K a o l i n i t e 
Previous ESR studies of natural k a o l i n i t e s undertaken i n these l a b o r a t o r i e s 
(Angel and H a l l , 1973; H a l l , 1973) have shown t h a t the apparent 3 - l i n e spectrum 
i n the region of g = 4 i n f a c t comprises four l i n e s , two of which can only be 
resolved at 77°K. T l i e o r e t i c a l considerations ( H a l l , Angel and Jones 1974) indicated^ 
that the four l i n e s were overlapping resonances from two d i s t i n c t Fe^ "*" cen t r e s . 
One s u b s t i t u t i o n a l s p e c i e s , hereafter r e f e r r e d to as Centre I , produces a s i n g l e 
i s o t r o p i c l i n e a t g = 4.2. The other species (Centre I I ) e x h i b i t s three l i n e s 
at approximate g-values of 4,9, 3.7 and 3,5. These centres may be i n t e r p r e t e d 
as Fe^* ions occupying s i t e s of "complete' and ' p a r t i a l ' orthorhorabic symmetry 
(Blumberg, 1967; H a l l , Angel and Jones, 1974), described by the standard 
spin Hamiltonian: 
= gSH.S + D[S ^  - V^S(S+1)] + E ( S ^ ^ - ) . • y j S z J X y 
Fran the predicted t r a n s i t i o n s obtained by s o l v i n g the spin Hamiltonian 
(Wlckraan., K l e i n and S h i r l e y , 1965; Dowsing and Gibson, 1969) i t can be shown 
that for Centre I , E/D ^/y and for Centre I I , E/D = 0.22 ± O.Ol ( H a l l , 1973). 
Resonances i n the region of g = 4 can only be produced by r e l a t i v e l y l a r g e values 
of the z e r o - f i e l d s p l i t t i n g parameters D and E'. These terms are i n t e r p r e t e d 
in d e t a i l elsewhere ( G r i f f i t h , 1964; Sharma,.Das and Orbach, 1966) and may be 
rela t e d to d i s t o r t i o n s of e i t h e r octahedral or t e t r a h e d r a l s i t e s . The c-xact 
9=4-2 
FIG. 1 
E.S.R. Spectrum of Fe"^^ i n k a o l i n i t e . Lineshape 
parameter = AB/CD, 
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l a t t i c e s i t e s occupied by Fe^^ i n k a o l i n i t e cannot therefore be determined 
s o l e l y from the ESR spectra of powder samples. 
In natural k a o l i n i t e s considerable v a r i a t i o n s occur i n the shape of the 
ESR spectrum at g = 4. While we have shown previously that v a r i a t i o n s of t h i s 
type can sometimes be a t t r i b u t e d to the presence of m i n e r a l o g i c a l i m p u r i t i e s 
containing i r o n , which contribute an overlapping resonance (Angel and H a l l , 1973), 
not a l l of the observed v a r i a t i o n s can be explained i n t h i s manner. In t h i s 
work, s i m i l a r v a r i a t i o n s were observed i n a range of Fe^'**-doped s y n t h e t i c 
k a o l i n i t e s produced by the methods described i n Part 1. I n these samples 
mineralogical i m p u r i t i e s and amorphous m a t e r i a l were v i r t u a l l y undetectable. 
One may therefore conclude that the lineshape v a r i a t i o n s are due to varying 
r e l a t i v e concentrations of the centres I and I I . We therefore sought to e s t a b l i s h 
whether any c o r r e l a t i o n e x i s t e d between the ESR lineshape and any other 
measureable property of k a o l i n i t e , p a r t i c u l a r l y chemical or s t r u c t u r a l 
modification, e i t h e r i n t r i n s i c or a r t i f i c a l l y induced, which might lead to 
more p o s i t i v e i d e n t i f i c a t i o n of the two centres. I t has been suggested 
(R.E, Meads, personal communication) that for n a t u r a l k a o l i n i t e s there i s a 
co r r e l a t i o n between changes in the ESR spectrum at g = 4 and c r y s t a l l i n i t y . 
We have shown from previous work that i n n a t u r a l k a o l i n i t e s mineralogical 
impurities must be removed before such data can be meaningful. We therefore 
examined the ESR spectra of Fe^'*"-doped s y n t h e t i c k a o l i n i t e s of varying 
c r y s t a l l i n i t y . 
I n order to obtain quantitative data, i t was necessary to introduce an 
a r b i t r a r y measure of the r e l a t i v e i n t e n s i t y of the two components of the spectrum 
a t g =• 4. Wo chose to measure the r a t i o of the peak-to-peak heights AB (betv;een 
the outer l i n e s ) and CD (of the c e n t r a l l i n e ) as i l l u s t r a t e d i n F i g , 1. The r a t i o 
AB/CD w i l l be r e f e r r e d t o as the 'ESR lineshape parameter'. Quantitative-
determinations of the c r y s t a l l i n i t y of the k a o l i n i t e s were made using the method . 
of Hinckley (1961). The Hinckley c r y s t a l l i n i t y index i s obtained from 
measurements made on s e l e c t e d non-basal r e f l e c t i o n s i n the X-ray powder 
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FIG. 2 
E.S.R. lineshape parameter plotted'against X-ray c r y s t a l l i n i t y 









E-S.R. lineshape parameter plotted against applied pressure 
for a natural k a o l i n i t e . 
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influenced by tlie occurrence of disorder i n and between the k a o l i n i t e l a y e r s 
(Noble, 1971), 
The r e l a t i o n s h i p between ESR lineshape parameter and c r y s t a l l i n i t y 
index for the Fe"^^-doped s y n t h e t i c k a o l i n i t e s i s i l l u s t r a t e d i n F i g , 2. 
Although the spread i n r e s u l t s prevents the formulation of a numerical 
r e l a t i o n s h i p betv/een the two p.^rameters, nevertheless a s i g n i f i c a n t c o r r e l a t i o n 
between them e x i s t s , k a o l i n i t e s of higher c r y s t a l l i n i t y i n general having 
higher values of the ESR lineshape parameter. These r e s u l t s show t h a t of the 
two proposed Fe^^ centres in k a o l i n i t e . Centre I i s a s s o c i a t e d with l a y e r 
stacking disorders, and Centre I I with regions of high c r y s t a l l i n i t y and regular 
stacking. 
Additional evidence to support t h i s hypothesis was obtained by 
subjecting a natural k a o l i n i t e to very high pressures and examining v a r i a t i o n s 
' i n the ESR spectrum. Samples of the cla y were subjected to a range of 
pressures between 15 and 100 k i l o b a r s . Unfortunately, the s i z e o f the samples 
had to be l i m i t e d to such an extent that i t was not p o s s i b l e to make accurate 
measurements of X-ray c r y s t a l l i n i t y , although q u a l i t a t i v e l y i t could be seen 
from X-ray pov;der photographs that the c r y s t a l l i n i t y was s i g n i f i c a n t l y reduced 
i n the samples subjected to high s t r e s s e s . By p l o t t i n g ESR lineshape parameter 
against applied pressure (Fig, 3) i t was found that cin i n c r e a s e i n the 
population of Centre I r e l a t i v e to Centre I I occurred v/ith i n c r e a s i n g applied 
pressure. These r e s u l t s show that"by i n c r e a s i n g the extent of s t r u c t u r a l 
disorder one may change the symmetry of the environment of Fe*^^ ions from that 
of Centre I I to that of Centre I . i n order to explain these r e s u l t s , we 
attempted to determine the most probable s u b s t i t u t i o n a l s i t e s for f e r r i c ions 
within the l a t t i c e v/hich would be influenced by stacking d i s o r d e r . 
I t has been shown that disorder i n k a o l i n i t e s frequently c o n s i s t s of 
nb 
random — l a y e r s h i f t s (Noble 1971), Random s h i f t s of t h i s type would be 
expected to influence the o r i e n t a t i o n of the hydroxyl groups which form 
hydrogen bonds with the adjacent l a y e r , s i nce t h e i r p o s i t i o n with respect 
K a o l i n i t e i n t e r c a l a t e d with DMSO 




to the s i l i c a t e oxygen atoms of the adjacent l a y e r i s a l t e r e d . The v a r i a t i o n s 
i n the o r i e n t a t i o n s of these polar OH groups i s more l i k e l y to influence the ^ 
geometry of the aluminium s i t e s i n thfe octahedral l a y e r , probably reducing the 
s i t e symmetry. We considered that further information regarding the two 
iron centres might be obtained by forming i n t e r c a l a t i o n complexes of k a o l i n i t e 
with a v a r i e t y of compounds, and examining t h e i r ESR s p e c t r a , s i n c e i t i s known 
that i n such systems the i n t e r l a y e r hydrogen bonding i s d i s r u p t e d (Ledoux and 
^•/hite, 1964), v/hich v/ould a l s o be expected to influence the hydroxyl 
orie n t a t i o n s - I n t e r c a l a t i o n complexes of a natviral k a o l i n i t e with 
dimethylsulphoxide, urea and potassium acetate were produced by standard 
techniques, (Ledoux and White, 1964; Weiss, 1966, O l e j n i k and co-workers, 1968). 
The extent to which i n t e r c a l a t i o n occurred was estimated from the r e l a t i v e 
i n t e n s i t y of the normal and s h i f t e d (OOl) bands in the X-ray d i f f r a c t i o n 
pattern. I t was observed that with i n c r e a s i n g degrees of i n t e r c a l a t i o n the 
composite ESR spectrum at g = 4 progressively collapsed i n t o a s i n g l e l i n e . 
F i g . 4a i l l u s t r a t e s a t y p i c a l ESR spectrum of k a o l i n i t e with a high degree 
of i n t e r c a l a t i o n . We suggest that t h i s e f f e c t i s due to the r e o r i e n t a t i o n of 
the polar OH groups on formation of hydrogen bonds with the ' i n t e r c a l a t i n g 
molecule, causing a modification i n the symmetry of the aluminium s i t e s i n a 
manner analogous to the e f f e c t of l a y e r stacking disorder. 
The p o s s i b i l i t y that any of the e f f e c t s described might be due to Fe^ "*" 
ions i n i n t e r l a y e r s i t e s can be discounted by comparing the ESR spectrum of 
k a o l i n i t e v/ith that of a.gibbsite containing a small amount of iro n (Figs; 4b 
and 4 c ) . i n g i b b s i t e , Fe^^ can only occupy the octahedral Al"^* s i t e s , there 
being no t e t r a h e d r a l s i t e s i n the s t r u c t u r e and no i n t e r l a y e r s i t e s resembling 
those i n k a o l i n i t e . The spectrum i s s i m i l a r to that of k a o l i n i t e i n the g = 4 
region, except that the linewidths are considerably narrower i n the g i b b s i t e 
spectriam,' which i s probably due to the higher c r y s t a l l i n i t y and l a r g e r c r y s t a l l i t e 
s i z e . 
Further evidence supporting the assignment of Centres I and I I to the 
octahedral l a y e r can be obtained by considering the e f f e c t of dehydroxylation 
on the ESR spectrum. I t has been shovm that the composite spectrum at g = 4.2 
FIG. 5 
E.S.R. Spectrum (Q-Band) of' a natural k a o l i n i t e 
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In natural k a o l i n i t e s reduces to a s i n g l e l i n e follov/ing dehydroxylation 
(Angel and H a l l , 1973). This change i s c o n s i s t e n t with the f a c t that the 
dehydroxylation process influences the octahedral s i t e s to a much g r e a t e r 
extent than the t e t r a h e d r a l s i t e s (Brindley and Nakahira, 1959). 
In summary, the evidence so far presented strongly i n d i c a t e s t h a t the 
two components of the spectrum a t g 4 i n k a o l i n i t e s are both predominantly . 
due to Fe^ "*^  ions s u b s t i t u t i n g for Al"^ "*" i n the octahedral l a y e r , one 
s u b s t i t u t i o n a l s i t e being associated with the presence of l a y e r s t a c k i n g 
disorder. However,* i t has been previously suggested (Boesman and Schoemaker> 
1961; TOigel and H a l l , 1972) that Fe^ "*" might s u b s t i t u t e i n the t e t r a h e d r a l l a y e r 
of k a o l i n i t e . 
The ESR spectrum of a n a t u r a l k a o l i n i t e recorded at 35 GHz (Q-band) 
exh i b i t s a weak s i n g l e l i n e at g = 4, while the predominant Fe^^ f e a t u r e s are 
s h i f t e d i n p o s i t i o n , becoming a s e r i e s of l i n e s close to g = 2 ( F i g . 5 ) . 
From the s h i f t of the t h r e e - l i n e spectrum of Centre I I , i n conjunction with 
the X-band (9.27 GHz) data. H a l l (1973) obtained the values of E/D = 0.22 ± O.Ol 
and D = 0 . 5 ± 0 . 1 c m ^ for the spin Hamiltonian parameters for t h i s centre. 
I f the values of D for Centres I and I I are s i m i l a r one would expect the s i n g l e 
ESR l i n e a t g = 4.2 associated with Centre I a l s o to be s h i f t e d to a lower 
g-value a t 35 GHz (Dowsing and Gibson, 1969). I t follows t h a t the s i n g l e 
g = 4 l i n e a t 35 GHz (which requires that D ^ 0 . 8 cm ^) might be due to 
t e t r a h e d r a l l y co-ordinated Fe^*. T e t r a h e d r a l l y co-ordinated Fe^^ i s known 
to e x h i b i t a phosphorescence i n the wavelength range 650-750 nm (Pott and 
McNicol, 1972) which i s detectable at concentrations as low as 700 p.p.m. In 
order to determine whether or not t e t r a h e d r a l l y co-ordinated occurs i n 
k a o l i n i t e , samples of natural and s y n t h e t i c k a o l i n i t e v/ere therefore examined 
by phosphorescence spectroscopy. T h i s p a r t of the work, was c a r r i e d out with 
the kind co-operation of Dr. Pott of S h e l l (Netherlands). No phosphorescence 
was observed from these samples. I t was suggested that e i t h e r there i s no 
s i g n i f i c a n t quantity of t e t r a h e d r a l l y co-ordinated Fe" i n k a o l i n i t e , or 
a l t e r n a t i v e l y that any s u b s t i t u t i o n of t h i s type might be accompanied by 
|6-100gau"-5| 
FIG. 6 
The high f i e l d resonances i n a s y n t h e t i c k a o l i n i t e 
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replacement of one of the s i l i c a t e oxygens by a hydroxyl group, which i s 
known to be an e f f i c i e n t quencher of phosphorescence l i k e l y to render the 
e f f e c t undetectable (G.T. Pott, personal communication). No d e f i n i t e 
conclusion Can therefore be reached regarding the* occurrence of Fe^ "*" i n the 
tet r a h e d r a l l a y e r of k a o l i n i t e . I t i s hoped that d e t a i l e d ESR and MOssbauer 
studies of ^^Fe-doped s y n t h e t i c k a o l i n i t e s will c l a r i f y t h i s point. 
The value of D(0.5 ± O.l cra"^) estimated by H a l l (1973) for Centre I I 
was obtained from the best f i t of the X-band ESR spectrum to the computational 
solutions of the spin Harailtonian by the method of Dowsing and Gibson (1969). 
The accuracy of the value was l i m i t e d by the lack of p r e c i s e Q-band data 
and the f a i l u r e to observe resonances at higher magnetic f i e l d values which 
are predicted from the theory for both Centres I and I I ( F i g . 5 ) . During 
the course of t h i s work two weak resonances of approximately equal i n t e n s i t y at 
higher f i e l d values were observed i n both the Fe"^*-doped s y n t h e t i c k a o l i n i t e s 
and i n a number of natural k a o l i n i t e s ( F i g . 6 ) . The h i g h - f i e l d resonances 
are not associated with the A- or B-centres s i n c e they are observed i n the Fe^*-
doped syn t h e t i c samples in which resonances appear only at g = 4. Because i t 
was p o s s i b l e that the high f i e l d l i n e s might be as s o c i a t e d with e i t h e r Centre I 
or Centre I I , s y n t h e t i c samples doped with Te^^ and v/ith d i f f e r i n g lineshapes 
a t g = 4 were examined. I t was found that the h i g h - f i e l d l i n e s were most intense 
i n samples having a high ESR lineshape parameter ( F i g . 1) and are therefore 
most probably associated with the t h r e e - l i n e component at g = 4 (Centre I I ) . 
By measuring the g-values or magnetic f i e l d values a t which the h i g h - f i e l d 
resonances occur i t i s possible to determine D more ac c u r a t e l y . 
• The existence of two h i g h - f i e l d l i n e s i n c l o s e proximity (5070 and 
5320 gauss) can only be reasonably recon c i l e d with e x i s t i n g theory by 
assuming that Centre I I i n f a c t c o n s i s t s of two centres ( I l a and l i b ) , d i f f e r i n g 
s l i g h t l y due to small changes in the c r y s t a l f i e l d environment of the Fe^"*" 
ions ( i . e . s l i g h t l y d i f f e r i n g values of D a X) . The p o s i t i o n s of the h i g h - f i e l d 
FIG. 7 
P l o t of resonance magnetic f i e l d (H ) a g a i n s t D(cm ) f o r ts, = 0.22, raicrov/ave 
re s frequency ='9.27 GHz and e f f e c t i v e s p i n = 5/2 f o r H p a r a l l e l t o the x, y and z axes 
Y.(i -> j ) represents the t r a n s i t i o n between the i * ^ ^ and j * ^ ^ energy l e v e l , l a b e l l e d 





The two d i s t i n c t aluminium s i t e s i n the octahedral l a y e r 
of k a o l i n i t e . 
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l i n e s are extremely s e n s i t i v e to the values of these parameters. No 
s p l i t t i n g could be resolved at g = 4, From the p o s i t i o n s of the l i n e s a t 
g = 4 v/e estimate that X = 0,22 ± O.Ol. The p o s i t i o n of the h i g h - f i e l d -
l i n e s suggests that for both centres D l i e s i n the range 0.45 ± 0.02 cm ^, 
F i g . 7 i l l u s t r a t e s the t r a n s i t i o n s predicted for X = 0.22 . . f o r 
a range of values of D, c a l c u l a t e d by the method of Dov/sing and Gibson, 
(1969). 
A p l a u s i b l e explanation for the d i f f e r e n c e between Centres I l a and l i b i s 
provided by the work of Giese and Datta (1973) who made p r e c i s e c a l c u l a t i o n s 
of the hydroxyl o r i e n t a t i o n s i n k a o l i n i t e . T h e i r work i n d i c a t e s t h a t for a 
k a o l i n i t e l a t t i c e v;ith no stacking disorder there arc two d i s t i n c t aluminium 
s i t e s , d i f f e r i n g i n the o r i e n t a t i o n of the hydroxyl groups which form hydrogen 
bonds with the adjacent s i l i c a t e l a y e r . By r e f e r r i n g to F i g , 8, i t can be seen 
that i n one of these s i t e s two hydroxyl d i r e c t i o n s pass back over the aluminium, 
while i n the other s i t e the hydroxyl groups point away from the aluminium. 
I t i s suggested that the differences i n the proximity of the protons to the 
c e n t r a l ion i n the two cases may account for the s l i g h t d i f f e r e n c e s i n the 
l o c a l c r y s t a l f i e l d indicated by the ESR spect r a . 
I n summary, from the ESR phenomena associated with n a t u r a l and Fe"^* doped 
sy n t h e t i c k a o l i n i t e s , both untreated and subjected to a v a r i e t y of p h y s i c a l 
and chemical treatments, in conjunction with r e s u l t s obtained from 
phosphorescence spectroscopy and other techniques, we conclude t h a t Fe^^ 
s u b s t i t u t e s mainly i n the octahedral l a y e r i n k a o l i n i t e . Three centres may 
be d i s t i n g u i s h e d : Centre I , i n which the o r i e n t a t i o n of the OH groups are 
considerably perturbed by disorder i n the stacking of the k a o l i n i t e l a y e r s . 
This produces an i s o t r o p i c ESR l i n e a t g = 4.2. Centres I l a and l i b , both of 
which produce a t h r e e - l i n e spectrum at g = 4, but d i s t i n g u i s h a b l e due to the 
existence of tv;o h i g h - f i e l d l i n e s . I t i s suggested that Centres I l a and l i b 
d i f f e r by v i r t u e of the two possible o r i e n t a t i o n s of the hydroxyl groups at 
alimiinium s i t e s i n highly c r y s t a l l i n e or r e g u l a r l y stacked regions of the 
st r u c t u r e (Giese and Datta, 1973). There i s a r e l a t i o n s h i p betv/een the 
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r e l a t i v e population of Centres I an^ I I and k a o l i n i t e c r y s t a l l i n i t y measured 
by X-ray d i f f r a c t i o n . No unequivocal evidence f o r s u b s t i t u t i o n of Fe^^ i n 
the te t r a h e d r a l l a y e r of k a o l i n i t e was obtained. 
B. The Stable Defect Centre i n K a o l i n i t e (A-Centre) 
In paper I we showed that the asymmetric two-line resonance a t g = 2.0 
observed i n n a t u r a l k a o l i n i t e s can be i d e n t i c a l l y reproduced i n magnesium-doped 
synth e t i c k a o l i n i t e s which had been subjected to X - i r r a d i a t i o n follov;ed by 
annealing at 200*^C. We summarize belov; the information so f a r obtained 
regarding the nature of the centre responsible f o r t h i s resonance, r e f e r r e d to 
as the A-centre,and suggest two possible models for the centre c o n s i s t e n t with 
the experimental evidence c u r r e n t l y a v a i l a b l e . 
The A-centre d i f f e r s from the other r a d i a t i o n damage centres (B-centres) 
i n k a o l i n i t e i n i t s extremely high chemical and thermal s t a b i l i t y . I n the 
synthetic samples, as for n a t u r a l k a o l i n i t e s , the s i g n a l remained unchanged 
in i n t e n s i t y i n d e f i n i t e l y in the laboratory a t room temperature. The s i g n a l 
i s n e i t h e r * a f f e c t e d by exposure to a v a r i e t y of chemically r e a c t i v e species 
such as a c i d s , o x i d i z i n g agents and polar solvents (Wauchope and Haque, 1971;^ 
Angel and H a l l , 1972). There seems l i t t l e doubt, therefore, that the A-centre 
i s not a surface or i n t e r l a y e r defect or surface absorbed r a d i c a l , but i s a 
centre l y i n g deep within the l a t t i c e and probably a s s o c i a t e d with the c e n t r a l 
(O, OH) l a y e r . 
The shape of the resonance i s c h a r a c t e r i s t i c of an a x i a l l y symmetric 
paramagnetic species i n a randomly orientated povder specimen ( S e a r l , Smith 
and Wyard, 1961) , From the spectrum one obtains for the p r i n c i p a l g-values 
g^y = 2.049 ± 0.001 and g^ = 2.003 ± O.OOl. 
The absence of any hyperfine i n t e r a c t i o n suggests that there i s l i t t l e 
overlap of the unpaired spin density of the A-centre with aluminium or 
27 25 magnesium n u c l e i , since both Al (100^ abundant) and Mg (10% abundant) have 
nuclear spin I = 5/2. 
By examining v a r i a t i o n s in the ESR spectrum of a p r e f e r e n t i a l l y 
orientated k a o l i n i t e stack, v/hich was prepared by sedimentation, i t was 
intensity 
F I G . 9 
Angular v a r i a t i o n of the i n t e n s i t i e s of g a n d g ^ components of the A centre i n a sedimented 
^ p a r t i a l l y o r i e n t e d stack. 
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p o s s i b l e to obtain an i n d i c a t i o n of the o r i e n t a t i o n of the A-centre with 
respect to the k a o l i n i t e c r y s t a l axes, V^ien the stack was o r i e n t a t e d at 
various angles with respect to the applied f i e l d although no s h i f t s i n the 
pos i t i o n of the l i n e s occurred the i n t e n s i t i e s of the two components 
characterized by g^  and g^ varied i n a systematic manner. A p l o t of 
r e l a t i v e i n t e n s i t y of each component as a function of o r i e n t a t i o n i s given 
i n F i g , 9 from which i t can be seen that the i n t e n s i t y of the g^ ^ component 
i s a maximum and the i n t e n s i t y of the g^ ^ component i s a minimum when the 
magnetic f i e l d i s approximately perpendicular to the plane of the stack. 
This suggests that the unique axis of the A-centre l i e s approximately 
perpendicular to the k a o l i n i t e basal plane. 
Spectra s i m i l a r to that of the A-centre have been observed i n a wide 
range of minerals ( G r i f f i t h s , Owen and Ward, 1955; l o f f e and Yanchevskaya, 
1967; Marfunin and Bershov, 1970; Vedrine, 1973) and have been a t t r i b u t e d to 
defects which are associated with oxygen atoms. These defects are i n general 
produced by i o n i z i n g r a d i a t i o n and are s t a b i l i z e d by the occurrence of Vcincies 
or isomorphous s u b s t i t u t i o n s of d i f f e r e n t formal charge w i t h i n the host 
3+ 4 + 
l a t t i c e (e.g. Al for S i ) . The g-values observed i n k a o l i n i t e , g^ ^ ^  ^o' 
where g^ = 2,0023 i s the value for a free e l e c t r o n , are c o n s i s t e n t with a 
T T - r a d i c a l , examples of which have been i n v e s t i g a t e d by Atkins and Symons (1967), 
A possible model for the A-centre i n k a o l i n i t e i n terms of a i r - r a d i c a l i s a 
hole located on a strong silicon-oxygen bond orientated perpendicular to the 
2+ 3+ k a o l i n i t e ab plane and adjacent to the s i t e of Mg s u b s t i t u t i o n for Al 
as i l l u s t r a t e d i n F i g , lOa. Additional evidence for t h i s assignment of the 
A-centre i s provided by the observation by G r i f f i t h s , Owen and VJard (1955) of 
a spectrum i n i r r a d i a t e d quartz having g^ ^ = 2.06 and g^ = 2,00. The 
centre i n quartz was a t t r i b u t e d to a hole located i n a bridging oxygen of 
the type Si-O-Al and s t a b i l i z e d by the s u b s t i t u t i o n of aluminium for s i l i c o n , 
A s i m i l a r spectrum was observed i n i r r a d i a t e d f e l d s p a r s by l o f f e cind 
Yanchevskaya (1967), 
O H \ 0,H / O H \ OH / O H 
M 
O" O "OH " Oe "O 
O O O O 
FIG. 10a 
Model of a hole trapped on a bridging oxygen 




Model of the ion i n the k a o l i n i t e l a t t i c e 
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I n c o n t r a s t to t h e s p e c t r a o b s e r v e d i n k a o l i n i t e , q u a r t z and f e l d s p a r s , 
v;e note t h a t i n Kg^^-doped alumina (Cox, 1971) and i n a s y n t h e t i c f l u o r o p h l o g o p i t e 
(Novozhilov and co-v;orkers, 1969) i r r a d i a t i o n produces ESR s p e c t r a 
c h a r a c t e r i s t i c o f O i o n s , h a v i n g g > g g , s i m i l a r t o s p e c t r a o b s e r v e d 
i n a v a r i e t y o f i o n i c c r y s t a l s i n c l u d i n g a l k a l i h a l i d e s and a l k a l i n e e a r t h 
o x i d e s (Henderson and VJertz, 1968). Although the A - c e n t r e i n k a o l i n i t e s h o u l d 
p o s s i b l y not be r e g a r d e d a s an O i o n , the r e a s o n s why i r r a d i t i o n o f m i n e r a l s 
sometimes produces s p e c t r a c h a r a c t e r i s t i c o f O i o n s and sometimes p r o d u c e s 
s p e c t r a c h a r a c t e r i s t i c of i r - r a d i c a l s do not seem i m m e d i a t e l y a p p a r e n t . 
The s u p e r o x i d e i o n (O^) trapped w i t h i n t h e k a o l i n i t e l a t t i c e i n the 
manner i l l u s t r a t e d i n F i g . lob c o u l d a l s o p r o v i d e an e x p l a n a t i o n f o r t h e 
A - c e n t r e . Trapp3d O^ i o n s have been o b s e r v e d i n a l k a l i h a l i d e s , t h e i r ESR 
s p e c t r a h a v i n g g^^ > g ^ a s p r e d i c t e d by the t h e o r y o f K a n z i g and Cohen ( 1 9 5 9 ) . 
I n p a r t i c u l a r , the ESR s p e c t r a of O^ absorbed on i r r a d i a t e d z e o l i t e s 
( K a s a i , 1965) c l o s e l y r e s e m b l e s t h a t of k a o l i n i t e . The c e n t r e i n z e o l i t e s 
c o u l d be d e s t r o y e d by h e a t i n g t o ISO^C o r by exposure to a t m o s p h e r i c m o i s t u r e . 
I t i s f e ' a s i b l e t h a t an O^ i o n trapped w i t h i n the k a o l i n i t e l a t t i c e might 
p o s s e s s g r e a t e r s t a b i l i t y , although the c h e m i c a l s t a b i l i t y o f t h e s u p e r o x i d e 
i o n i n an oxide l a t t i c e i s q u e s t i o n a b l e (Symons, 1972). I n t h e absence o f 
c o n t r a r y e x p e r i m e n t a l e v i d e n c e , we c o n s i d e r t h a t the i o n may be r e g a r d e d 
as a p o s s i b l e e x p l a n a t i o n f o r the A - c e n t r e . F u r t h e r e x p e r i r . e n t a l s t u d i e s i n 
t h e s e l a b o r a t o r i e s t o d e c i d e between the two p o s s i b i l i t i e s f o r the c e n t r e a r e 
a n t i c i p a t e d . 
I t i s f e l t t h a t the r e s u l t s d e s c r i b e d i n t h e s e p u b l i c a t i o n s might w e l l 
have s i g n i f i c a n t i m p l i c a t i o n s f o r c l a y m i n e r a l s r e s e a r c h . The s y n t h e s i s o f 
pure k a o l i n i t e doped w i t h s e l e c t e d i m p u r i t i e s i s c l e a r l y o f v a l u e i n 
p r o v i d i n g model systems f o r i n v e s t i g a t i o n s o f the e f f e c t o f d e f e c t s and 
l a t t i c e s u b s t i t u t i o n s on t h e p r o p e r t i e s o f c l a y s . I n p a r t i c u l a r , s u b s t i t u t i o n 
o f magnesium f o r aluminium and of alxminium .for s i l i c o n i n k a o l i n i t e can be 
demonstrated by ESR s t u d i e s of i r r a d i a t e d c l a y s . F u t u r e s t u d i e s a r e b e i n g 
implemented t o i n v e s t i g a t e p o s s i b l e r e l a t i o n s h i p s between s m a l l s u b s t i t u t e d 
impurity concentrat ions and c r y s t a l morphology and c a t i o n exchange c a p a c i t y . 
I n a d d i t i o n , experiments are i n progress to e s t a b l i s h the optimum 
condit ions for doping s y n t h e t i c k a o l i h i t e with i r o n i n order to produce 
a s y n t h e t i c sample doped with ^''pe for d e t a i l e d s t u d i e s o f i r o n i n k a o l i n i t e 
by Mftssbauer spectroscopy. 
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The dependence of ihe parameiers E and D in ihe spin Hamilionian J f , = 
^ ^ H S + Z ) [ 5 ? - i S ( S + ! ) ] + o n ihe labeling of magnetic axes is 
discussed, h is shown that there are six inequivalent axis systems in this case, and 
tables are given showing the interrelation between these systems and the values of 
£, D, and A i=EfD) In each system. From these tables, experimental data referred 
to any axis system may be transformed to the standard axis system, in which 
O ^ A ^ I . The application of this method, together with new experimental data, 
has led to a reinterpretation of the E S R spectrum of Fe^* in kaoliniie. which is 
attributable to ferric ions occupying two lattice sites, corresponding to A = 0.22 
and A ~ 0.33. 
I N T R O D U C T I O N 
Numerous studies of ESR absorption of high-spin Fe^+ ions in polycrystalline 
materials have been made (1-5, 9, / / ) , the observed spectra frequently being interpreted 
in terms of a spin Hamihonian of the fo rm: 
= g/?H S 4- D[Sl - iS(S + 1)] + E{Sl - Si). [1 ] 
For a crystalline environment of axial symmetry, the first two terms of Eq. [ I ] are 
sufiicienl to describe the behavior of the system, while for symmetries lower than axial 
all three terms are required. The parameters D and E are related to the zero-field 
splitting of the groundslate of Fe^ "^  caused by the admixture into this state of excited 
quartet states, principally via spin-orbit coupling 7). In general, such effects result 
in the l if t ing of the sixfold spin degeneracy of the groundstate, and one may calculate 
f rom [ I ] the resultant energy levels and wavefunclions, and hence the positions o f the 
predicted ESR transitions, either by perturbation methods ( / , i , 8) or by an exact 
computational method using iterative techniques (P). 
The usual analysis of experimental data consists of determining the values of D and 
E which provide the best fit to the observed spectra. The ratio of these terms, A = £/D, 
has been shown to be related to the symmetry of the local environment of the ion (J, 6). 
However, as previously pointed out, especially by Blumberg (J), the particular values o f 
£", D, and A which may be determined for a specific experimental case are not unique, 
but depend on the system of labeling of the magnetic axes which is adopted. In fact, it 
can be readily shown that there are six distinct ways in which the magnetic axes corres-
ponding to Eq. [1] may be defined in the general case. Although this problem has been 
discussed previously in the literature, in the authors' view there is still a degree of 
arbitrariness in the presentation of results by experimentalists which may lead to some 
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difficulties in the comparison of experimental data. The aim of this publication is 
therefore to develop a systematic approach to the identification of these axis systems 
and the relationships between the values o f the spin Hamiltonian parameters as 
measured in each system, and to indicate how data expressed in any axis system may 
be readily converted into the standard axis system to be defined here. Some applications 
of these ideas to the interpretation of experimental data, particularly to the ESR 
spectrum of Fe'"*" in kaolinite {4, / / ) , are discussed. 
The authors are particularly indebted to the publications of Blumberg (5) and Dow-
sing and Gibson (9). 
T H E O R Y A N D D A T A 
Consider the zero-field terms of the spin Hamiltonian [1 ] , i.e., 
J^o = D[Sl - iS(S + I ) ] + - Sll [2] 
Using the well-known quantum mechanical result 
S2 = 5 i + 5 J + 5 ^ = 5 ( 5 + 1), [3] 
one may rewrite Eq. [2] in the form 
jro = a-Sl + b-S',-\-c-Sl [4] 
where 
fl = £ - 0/3, 
6 = -(£- t-Z>/3) , [5] 
c = 2Z)/3, 
or, conversely, 
E=i(a-b); D = 3cl2. [6] 
From the relations [4] and [6], £ and D clearly depend on the way in which the axes 
.X, y, and z are selected. Although three general orthogonal axes may be labeled in 24 
diRerent ways to correspond to a right-handed Cartesian set, the overall second-order 
character of Eq. [4] reduces the number to six inequivalent systems, corresponding to 
the six permutations o^x,y, and z. Six values o f £ a n d D therefore exist for each set of 
experimental data, all equally valid, depending on the labeling of the magnetic axes. 
For axial symmetry, the z axis is conventionally chosen as the symmetry axis, and 
one has D finite, and £ = A = 0. For lower symmetries, no uniform system of labeling 
has been adopted, with the result that comparison of data from the literature frequently 
necessitates the transformation of data from one axis system to another. Blumberg 
(5) suggested the adoption of a **proper" or standard axis system, here defined as that in 
which | / | has its minimum value, and £ and D are of the same sign. In terms of Eq. [4], 
this requires that |c| ^ |6| ^ such that z is the direction of greatest (or least) bond 
strength or electric field gradient. In this system, here referred to as 5 i , all symmetries 
of axial or orthorhombic type can be represented by values of A lying between 0 and 
i. The case A = | has been referred to as "completely orthorhombic" and corresponds 
to the case of equal splitting of the three Kramers' doublets (5 ,6) . A l l other orthorhom-
bic symmetries produce an unequal splitting o f three doublets, and may therefore be 
regarded as intermediate in symmetry between axial and "completely orthorhombic". 
Denoting the six inequivalent axis systems for the spin Hamiltonian as the set 
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Si = OXiViZt, where / = 1.2, — 6, and S, is ihe standard axis system as defined, then 
each of the may be rotated to the system Si by permuting the axes according to the 
correspondingly numbered transformation as Hsted in Table 1. 
T A B L E 1 
Axis T R A N S F O R M A T I O N S T O R O T A T E S Y S T E M SI T O 
THi; S T A N D A R D A X I S S Y S T E M ( 5 , ) 
7*, . V , — ; -1 —' - I 
7-2 -V2 — - V | : yi =1 • =2 V , 
n . V j — V l Xi — -V, ~i ~* ~ l 
— Xi .y* - I r4 — -Vi 
- I .>'5 — -Vl . - 5 .V, 
x„ — .»•(. ^ > I - t . -V| 
The relationships between the values of/T,. /),-, and / , for each axis system and those 
in the standard system are given in Table 2, while in Table 3 corresponding numerical 
values of for each system are given. From Table 3, it can be seen that each axis 
system is characterized by a particular range of values of A. From the value of / , reported 
in any published data, one may in general identify the axis system employed, and it is a 
simple matter from Tables 1 and 2 to obtain the required axis transformation and the 
values of D, and /. in the standard system. 
T A B L E 2 
V A L U E S or D. A N D / tN T H E S T A N D A R D A X I S S Y S T E M 5 , IN T E R M S 
or T H E I R V A L U E S IN E A C H A X I S S Y S I E . M St 
System £ O /. 
Sr E, o, ;., 
S2 ~\(D>~E,) ~iiD,-^3E2) 
5 . K O a + f-ft) - 4 ( £ ) , - 3 E e . ) 
1 + 3;.2 
1 
3 ; ^ + 1 
I - 3; . , 
I + ; . . 
3 A . - 1 
It may be worth briefly commenting on the sign of the terms D and E. The sign of 
D can be determined experimentally (10) and has an absolute meaning within a given 
axis system: reversing the sign of D reverses the order of energy of the three Kramers' 
doublets. The sign of £ is in a sense arbitrary, since interchanging .\ and y axes (trans-
formation T3) reverses the sign of E while leaving D unchanged. This can be seen from 
relations [6]. In the axis system S,, f a n d D always have the same sign, by definition. 
D E P E N D E N C E O F E A N D D O N M A G N E T I C A X E S 6 7 
T A B L E 3 
C O R R E S P O N D I N G N U M E R I C A L V A L U E S O F k IN E A C H A X I S S Y S T E M St 
A , ;.6 
0 . 0 0 1.00 0 . 0 0 1.00 - 1 . 0 0 - 1 . 0 0 
0 . 1 0 0 . 6 9 - O . I O 1.57 - 0 . 6 9 - 1 . 5 7 
0 . 2 0 0 . 5 0 - 0 . 2 0 3 . 0 0 - 0 . 5 0 - 3 . 0 0 
0 . 3 0 0.41 - 0 . 3 0 13 .00 - 0 . 4 1 - 1 3 . 0 0 
CO -4 CO 
A P P L I C A T I O N : E S R O F Fe=+ I N K A O L I N I T E 
Castner and coworkers ( /) first explained the occurrence of a resonance at ^ = 4.3 
as being due to Fe^ "^  substituting for silicon in glasses. By using the spin Hamiltonian 
(Eq. [ I ] ) , and assuming Et>gpff and £> = 0, their calculations predicted an isotropic 
g value of 4.29 for the central Kramers' doublet. Hence, in their notation /. = QO, that 
is, their axis system is 5 4 in our notation, which on appropriate transformation of axes 
gives / = ^ in the standard axis system. 
Boesman and Schoemaker (4) studied the ESR spectra of a number of natural 
kaoliniies [AUSi«0|o(OH)8] and observed lines at ^-values o f 5.00, 4.16, and 3.52. 
Following the theory of Castner and coworkers ( /) , and introducing a small D term 
as a perturbation on the eigenstates of E(Sl — 5 ^ ) , they obtained to second order in 
perturbation theory the expressions (our subscripts, denoting axis system): 
for the g-values in the central doublet. They obtained a reasonable fit of their data to 
such a theory for Z>4/£4 = 0.31, i.e., ;.4 = 3.2. 
Now, since the position of the predicted transitions is independent of the arbitrary 
choice of axis system, one would expect to obtain the same predicted g-values by working 
in the standard axis system if the theory of Boesman and Schoemaker is valid. Trans-
forming their results into the system 5 , , one obtains >., = 0.21. In this axis system, one 
may utilize the method of solution of the spin Hamiltonian [ I ] outlined by Wickman 
and coworkers ( /) and Holuj {8). By this method, one predicts that the g-values in the 
central doublet are, for =0 .21 , = 3.81, = 3.44, and g,^ = 5.00. 
Two of these are fairly close to the values found by Boesman and Schoemaker {4), 
but the third, gx^(=g:^) is substantially in disagreement. The accuracy of the solutions 
of Wickman (/) provided that D is greater than about twice the Zeeman energy (gfiH) 
can be established from the exact computational solutions of Dowsing and Gibson 
(9). Moreover, for no values of D and /. is the particular set of g-values predicted and 
observed by Boesman and Schoemaker expected. 
That the Boesman-Schoemaker theory is in error is hardly surprising, since their 
data require D^03E, which does not seem to justify their use of perturbation theory, 
particularly as an additional assumption must be made concerning the smallness of the 
Zeeman term, introduced as an additional perturbation. 
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We therefore re-examined the ESR spectrum of kaolinite ( / / ) and found that at 
77°K four lines could be resolved in the region where Boesman and Schoemaker had 
only observed three. Two of the lines are close together and unresolved in the powder 
spectrum at 300''K. Examination of the second-derivative spectrum places beyond 
doubt the existence of four lines in this region. 
Assuming that these lines were attributable lo at least two distinct substitutional 
site for Fe^+, for which there is additional evidence described elsewhere ( / / ) . we were 
able to measure approximate ^-values (in the standard axis system); 
Center I : g(isoiropic) = 4.2, 
Center I I : = 4.9, g, = 3.7, g,. = 3.5. 
For Center I , /, ^ 0.33. For Center I I , we can obtain a fairly close fit to the observed 
^-values by the method of Dowsing and Gibson (9) for /. = 0.22 ± 0.01, and for D = 
0.5 ± 0.1 cm"' . Further experimental data for these centers, together with site assign-
ments, are being obtained in these laboratories at the present time. 
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A B S T R A C T 
Hal l , P . L . , Angel , B . R . and Braven , J . , 1974 . E l e c t r o n spin resonance and related studies 
o f lignite and ball c lay f r o m S o u t h Devon , E n g l a n d . C h e m . Geo! . , 1 3 : 97—113. 
E l e c t r o n spin resonance and infrared spectroscopic studies of lignite and ball c lay f r o m 
South Devon , and of extracts obtained f rom them by solvent fract ionat ion, revealed s imi-
larities between corresponding organic components associated with both materials. A l l 
fractions exhibi ted a free radical resonance a t ^ = 2 . 0 0 3 7 , w h i c h occurred with greatest 
intensity in the h i imic acids. Addi t iona l E S R features due to Fe '* , Mn'* and V O ' * c o m -
plexes were observed. F e r r i c ions give rise to resonances atg = 4 ,2 which have not been 
previously reported in the case of natural carbonaceous materials . I t is s h o w n tha t the 
paramagnetic species associated with the ball c lay and lignite extracts do not s ignif icantly 
contribute to the observed E S R spectra of kaolinites , the latter being attributable to sub-
stituted F e ^ ions and defect centres wi th in the kaol ini te lattice. 
I N T R O D U C T I O N 
The technique o f electron spin resonance (ESR) spectroscopy has f o u n d 
some application in investigations o f paramagnetic species such as free radi-
cals, t ransi t ion metal ions, and defect centres associated w i t h natural materials 
such as carbonaceous deposits (Rex, 1960; Van der Kaa et al . , 1961) and 
minerals ( M a r f u n i n , 1965 ; L o w , 1968) . I n part icular , several studies o f ESR 
absorption in kaol ini te and related clay minerals have been made, but have 
led t o con f l i c t i ng interpretat ions o f the observed spectra. Kaolinites f r o m a 
wide variety o f locations have been f o u n d t o exh ib i t , i n addi t ion to resonances 
nea rg = 4 (Boesman and Schoemaker, 1961) , an asymmetr ic 2-Une resonance 
a t ^ = 2.0 which is characteristic o f a paramagnetic species in a crystalline en-
vironment o f axial symmetry (Searl et al . , 1959) . The lat ter feature has been 
interpreted i n a variety o f ways, namely as Fe^* ions occupying distorted 
octahedral A l ^ * sites (Boesman and Schoemaker, 1 9 6 1 ) ; organic free radicals 
(Friedlander et al . , 1963) , or defect centres (Wauchope and Haque, 1971) . 
Recently, Angel and Hal l (1973) studied the ESR spectra o f a number o f 
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kaolini te-containing clays f r o m a var ie ty o f sources, bo th untreated and sub-
jected t o a variety o f physical and chemical treatments. They concluded tha t 
the principal features of the spec t rum o f kaol ini te were at t r ibutable t o bo th 
Fe-** ions and defect centres w i t h i n the kaol ini te latt ice. I t is possible, how-
ever, tha t some con t r ibu t ion to the a s y m m e t r i c ^ = 2.0 resonance migh t arise 
f r o m free radicals present in residual organic matter associated w i t h the clays, 
since a variety o f natural organic residues, including humic acids, are k n o w n 
to conta in fa i r ly large concentrat ions o f stable free radicals. These radicals 
e x h i b i t narrow, isotropic single-line resonances at ^-values o f 2.003—2.004 
( Ing ram e t a l . , 1954; Rex, 1960; V a n der Kaa et al., 1 9 6 1 ; Steelink and T o l l i n , 
1962) . 
I n order to investigate this poss ib i l i ty , ESR studies were undertaken o f 
ball clay and lignite f r o m the Bovey Basin, South Devon, England. Bo th the 
clay and lignite, and fractions obta ined f r o m bo th materials by solvent extrac-
t i o n techniques, were examined by ESR and infrared absorption spectroscopy. 
These inters trat i f ied deposits are an ideal system to be studied fo r this purpose, 
consisting o f a predominant ly kao l in i t i c clay mineral occurring in close associa-
t i o n w i t h a natural carbonaceous deposit . The ball clay is pr inc ipa l ly a disor-
dered kaolinite, together w i t h mica , quartz and organic matter . The l igni te 
contains about 65% carbon on an ash-free basis, together w i t h up to 30% 
mineral matter (Worral l and Green, 1953; Holdridge, 1956) . 
The extract ion of natural ly occur r ing organic substances, their classification 
in to principal subdivisions o f geolipids, kerogens, and humic substances, and 
their association w i t h clay minerals have been extensively discussed in a num-
ber o f reviews and books (Eg l i n ton and M u r p h y , 1969; Swain, 1970; Maxwel l 
et a l . , 1971 ; Steelink and T o l l i n , 1967; Debnis-Guedon, 1969; Greenland, 
1971) . In particular, humic substances, widely distr ibuted in clays, soils, peat, 
l ign i te and coal, are invariably associated w i t h cations and mineral matter , and 
con ta in large concentrations o f stable free radicals (Steelink and T o l l i n , 1962; 
Steelink, 1964; A the r ton et al . , 1967) . 
The nature o f the organic mat ter occurr ing in the Bovey Basin ball clay 
and l ignite, and similar deposits, was investigated by Worrall and Green 
(1953 ) and Worrall (1956) . By a solvent f rac t ionat ion procedure, they sep-
arated certain components o f s imilar composi t ion f r o m bo th the l ignite and 
ball clay. Bitumens were obta ined by Soxhlet extract ion w i t h n-propanol , 
f o l l o w e d by extract ion o f humic substances w i t h sodium hydrox ide solu t ion . 
M o r e modern procedures f o r the removal of bitumens or geolipids f r o m sedi-
mentary' rocks have been described by Maxwel l et al. (1971) . I n the present 
investigation, bitumens were extracted f r o m the clay and l ignite using either 
a benzene—methanol m i x t u r e ( 1 / 1 vol .%) or n-propanol. Humic substances 
were extracted using O.IM sod ium hydrox ide solut ion (Kononova , 1966) . 
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E X P E R I M E N T A L 
Materials investigated 
The samples used in the present work were l igni te and ball clay f r o m the 
Bovey Basin, South Devon, and kaol ini te f r o m St. Aus te l l , Cornwal l . 
A freshly cut l ignite samplq was ground to a part icle size o f less than 0.42 
m m e.s.d. The ash content was f o u n d t o be approx imate ly 14%. 
The ball clay, a blended sample k n o w n as " E W V A " , supplied by Watts, 
Blake, Bearne and Co. L t d . , N e w t o n A b b o t , Devon, was received as a f i n e 
powder (95% < 1 e.s.d.), o f approximate compos i t ion : kaol in i te , 67.5%; 
mica, 19.0%; quartz, 7.5% and carbonaceous matter 6.0%. 
The kaol ini te was a sample k n o w n as "Supreme" supplied by English Clays, 
Lovering, Pochin and Co. L t d . , St. Auste l l , Cornwal l , o f good c rys ta l l in i ty , 
particle size 94% < 2 ij e.s.d., and containing 5—6% impur i t ies , pr inc ipal ly 
micaceous. Chemical analyses o f the samples are given in Table L 
T A B L E I 
Chemica l analyses of samples (wt.%) 
1 2 3 
S i O , 4 6 . 6 48 .5 51.1 
A1.03 38 .3 31 .9 39 .8 
F c O j (total i ron) 0 .49 1.08 2 .19 
T i O , 0 .05 0 .90 0 .69 
M g d 0.20 0.28 0 .49 
C a O 0 .20 0 .15 0.87 
0 .68 1.68 1.72 
N a , 0 0.07 0 .20 0 .20 
Ignition loss 13 .43 15.61 2.72 
K e y : 1 - St . Austel l ( " S u p r e m e " ) kaol inite ( f rom E C L P technical data); 2 = Bovey ball 
c lay; 3 = ash f rom Bovey lignite. 
Solvent fractionation methods 
Bitumens were extracted by the Soxhiet method using / i -propanol or 1/1 
vo l .% benzene—methanol. Aqueous extractions using deionized water were 
made on separate samples. The bitumens and aqueous extracts were recov-
ered by evaporation o f the ex t rac t ion l iquors. A f t e r air d ry ing , the debi tu-
minized residues were st irred cont inuously w i t h 0,lM " A n a l a r " sodium 
hydroxide solut ion at ambient temperature f o r 48 h . The slurry was then 
centrifuged at 4000 r .p .m and the supernatant l iquor decanted and ac id i f ied 
to p H 1.8 w i t h hydrochlor ic acid. The precipitated humic acids were collected 
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by cent r i fuga t ion and p u r i f i e d by reprecipi ta t ing twice f r o m alkaline solut ion 
f o l l o w e d by washing w i t h dis t i l led water . Fulvic acids were obtained by neu-
t ra l iz ing the supernatant l iquor to p H 7 and evaporating t o dryness. The clay 
and l igni te residues were repeatedly extracted w i t h fresh alkali u n t i l almost 
colourless extracts were obta ined, at wh ich po in t extract ion o f humic sub-
stances was considered comple te . 
I n one experiment, the ex t rac t ion o f bitumens f r o m ball clay by benzene— 
methanol was fo l lowed by o x i d a t i o n o f the remaining organic mat ter .by re-
peated treatment o f the residual clay w i t h 6% hydrogen peroxide so lu t ion 
u n t i l no fur ther weight loss occurred . I t was then possible to examine the 
ESR spectrum o f the clay w i t h o u t the superimposit ion o f any signals due to 
organic radicals or complexes. 
Spectroscopic techniques 
A'-band ESR spectra were recorded using a Decca X I spectrometer incor-
porat ing a Newpor t 7"magnet giving a f i e ld range o f approximate ly 0—6 
kilogauss. The k lys t ron operated at 9.27 GHz. 
Absorp t ion of microwave power occurs at magnetic fields, H , sat isfying 
the resonance cond i t i on : 
where h is Planck*s constant, (i is the Bohr magneton, and g is the spectroscopic 
sp l i t t ing factor . For a f ree-spinning electron, g = 2 .0023. 
The ^-values were determined b y comparison w i t h the conduc t ion ESR 
signal in metallic l i t h i u m (Vanderven, 1968) . Spin concentrations were deter-
mined relative to the concent ra t ion of radicals in a standard coal sample, cal-
culations being pe r fo rmed by a numerical double integrat ion technique whose 
accuracy was investigated by Hal l (1972) . 
In f ra red absorption spectra i n the wavelength range 5000—650 c m ~ ' were 
recorded on a Unicam SP 200 spectrophotometer . Samples were prepared by 
the KBr disc technique, and wavelengths measured by comparison w i t h a 
polystyrene standard. 
Chemical analyses by X-ray spectrometry were pe r fo rmed by Mr . M . Sten-
t i f o r d (Watte, Blake, Bearne and Co.) using a Philips P\V 1220 semiautomatic 
spectrometer. Sample preparat ion involved a l i t h i u m tetraborate fus ion . 
R E S U L T S 
Solvent extraction of lignite and ball clay 
The ext rac t ion o f l igni te and ball clay by the solvent f r ac t iona t ion proce-
dures described previously gave yields as listed in Table I I . The l igni te con-
tained about 12% o f extractable humic substances and 6% bitumens. Extrac-
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T A B L E I I 
E x t r a c t i o n yields for lignite a n d ball c lay fract ionat ion 
Y i e l d (%) 
(a) Lignite 
1/1 Benzene—methanol extract 5.8 
H u m i c acid 10.4 
Fulvie acid -^1.0 
n-Propanol extract 6.6 
H u m i c acid 10 .5 
F u l v i c a c i d 1.0 
Aqueous extract "-1.4 
(b) Ball clay 
1/1 Benzene—methanol extract 1.1 
H3O, oxidat ion 3.4 (weight loss) 
n*Propanol ex tract 0 .86 
H u m i c acid 1.7 
Fu lv i c acid — 
Aqueous extract 0.6 
tion of the St. Austell kaolinite produced no measurable yield of organic 
material. 
Extraction of bitumens and humic substances from the ball clay produced 
a total yield of about 2.6% organic matter, but a considerable quantity of 
insoluble organic matter remained in association with the clay. Removal of 
the insoluble material, together with humic substances, was readily achieved 
by hydrogen peroxide treatment of the debituminized clay, as previously 
described. A total of 4.5% organic matter was removed in this way. Infrared 
spectroscopic studies showed that the weak C—H stretching bands at 2910 
and 2850 cm~' present in the original'clay were almost entirely absent in 
the treated sample. 
ESR spectra 
(1) Lignite. The E S R spectrum of Bovey lignite at ambient temperature is 
illustrated in Fig.l ,a. Resonance i4 is an asymmetrical line at^ = 4.2, having 
a long tail on the low-field side down to about ^ « 9. The main peak has line-
width approximately 100 gauss and spin concentration 4.3 X 10'^ spins/g. 
Resonance B is an isotropic line of width approximately 7 gauss at g = 
2.0037 ± 0.0002: This signal is identical to resonances previously observed in 
lignites and other natural carbonaceous deposits (Van der Kaa et al., 1961). 
102 
000 c lOOO G » 
/ 
F i g . l ( l e f t ) . E S R spectra ( fu l l scan): a = B o v e y lignite; b = ash f r o m Bovey lignite. 
F i g . 2 (right) . E S R spectra ( ful l scan) : a = B o v e y ball c l ay ; b = S t . Auste l l kaolinite . 
The intensity corresponds to a f ree radical concentra t ion o f about 2.3 X 10'^ 
spins/g. 
T w o other weaker features in the spectrum are: a broad resonance near 
g = 2 (C) , and a number o f lines o f low intensi ty near the free-radical signal (D). 
Preheating the l igni te in air f o r 2 h at various temperatures caused a pro-
gressive increase in the intensity o f bo th resonances A and B w i t h increasing 
temperature up t o 4 0 0 ° C . Preheating at 500°C and above resulted in the des-
t r u c t i o n o f the narrow line {B) together w i t h the appearance of an intense 
broad resonance centred near^ = 2.0, wh ich is almost certainly at t r ibutable 
to strong exchange interactions occurr ing between clusters o f Fe^* ions. This 
e f f ec t would be expected to produce a resonance o f ferromagnetic type as 
f i r s t described by the theory o f K i t t e l (1948) . The resonance is present in the 
ashed lignite af ter complete combus t ion o f the organic matter, w i t h the g = 
4.2 line persisting as a small shoulder on the low- f i e ld tai l ( E i g . l , b). 
(2) Ball clay and kaolinite. ESR spectra o f the Bovey ball clay and St: Austel l 
kao l in i l e at ambien t temperature are i l lustrated in Fig.2. T w o majo r features, 
c o m m o n to bo th clays, are centred a t ^ = 4 a n d ^ = 2, the spectra d i f f e r i n g 
on ly in the relative intensity o f the t w o features, and in the lineshape o f the 
^ = 4 feature. A repor t o f a detailed investigation o f these resonances has been 
1 0 3 
published elsewhere (Angel and Hal l , 1973) . I n the present w o r k we concern 
ourselves pr incipal ly w i t h the possible con t r i bu t i on o f organic radicals (or 
organometallic. complexes) t o the observed spectra. 
The a symmet r i c^ = 2.0 signal is characteristic o f a paramagnetic species 
in an axial ly symmetr ic environment (Searl et al . , 1959) . For bo th clays, one 
determines the principal ^-values t o be g\\ = 2.049 ± 0 .001 and gi = 2.003 + 0 . 0 0 1 . 
I n addi t ion , the symmetry axis o f the centre has been shown to lie close to 
the kaol ini te c-axis (Angel and Ha l l , 1973; Ha l l , 1973) . 
Identical resonances have been observed in a large number o f kaol ini te-
group minerals, some o f which contained l i t t l e or no organic matter . More 
specifically, the intensi ty o f the signal is s imilar i n bo th the Bovey ball clay 
and the St. Austel l kaol ini te , despite the wide divergence in organic content . 
The intensity in bo th clays corresponds t o about 10'^ unpaired spins per gram. 
The absence o f any correlat ion between signal intensi ty and organic content , 
cmd also the difference in lineshape between the resonance and those charac-
teristic o f organic radicals in natural materials, e.g. the narrow line a t ^ = 
2.0037 in the l igni te , indicates tha t the asymmetric resonance cannot be 
a t t r ibu ted t o organic free radicals. Nevertheless the closeness o f the value o f 
to the^-va lueof the narrow signal in the l ignite suggests that the presence 
o f similar radicals i n the organic matter associated w i t h the ball clay w o u l d 
produce a superimposed signal on thegi component o f the resonance, mod i -
f y i n g the lineshape in this region o f the spectrum. Such an e f fec t is i l lustrated 
in Fig.3, which shows the g = 2.0 resonance in ball clay (a) w i t h and (6) w i t h -
ou t the addi t ion o f 5% lignite i n powder f o r m . Superimposi t ion o f the lignite 
B = 2 . 0 - 9 
SO gou i i 
Fig .3 . E S R spectra (g = 2 region): a - Bovey ball c lay + 5% added lignite; b =• Bovey ball 
c lay , untreated; c = Bovey ball c lay after benzene—methanol extract ion and H,Oj treatment. 
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free radical signal causes a pronounced change in the spectrum between the 
regions labelled Y and Z in Fig.3. 
(3 ) Lignite and ball clay extracts. The ESR spectra o f the l ignite and ball clay 
extracts, recorded at ambient temperature, invariably contained the t w o ma-
jo r features of the spectrum o f Ugnite, namely resonances a t ^ = 2.0 and g = 
4.2, t hough variations in l inewid th and spin concentrat ion between the d i f -
ferent f ract ions were observed. Table I I I lists the l inewidths and spin concen-
t ra t ions o f the t w o resonances f o r each extract . 
T A B L E I I I 
Sp in concentrat ions and l inewidths of the g = 2.0 and g = 4.2 resonances in bal! c lay and 
lignite e x t r a c U 
Sample g = 2.0 ^ = 4 . 2 
: i / / (gauss) S ( sp ins /g ) :i / / (gauss) S(spins /g) 
(a) Lignite fractions 
Ligni te 7 2 .3 X 1 0 " 100 4.3 X 1 0 " 
B z — M e O H extract 
H u m i c ac id 




1.2 X 1 0 " 




5.6 X 1 0 " 
4.3 X 1 0 " 
n-Propanol extract 
H u m i c acid 
5.5 
5.5 
1.1 X 1 0 " 
4 .0 X 1 0 " 
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9 0 
3.5 X 1 0 " 
3.2 X 1 0 " 
A q u e o u s extract 7 3 .7 X 1 0 " 6 5 3.9 X 1 0 " 
(b) Ball clay fractions 
A q u e o u s extract 7 9 .0 X 1 0 " — -
n-Propanot extract 
H u m i c acid 
6 
5 
2.9 X 1 0 " 
1.3 X 1 0 " 
100 
100 
1.7 X 1 0 " 
1.5 X 1 0 " 
B z — M e O H extract 5.5 9.1 X 1 0 " weak line 
T h e l inewid th o f the g = 2.0 resonance was f o u n d to vary between 5 and 7 
gauss, but the ^-value was constant in all cases to w i t h i n the l imi ts o f experi-
men ta l error, and equal to 2 .0037 ± 0 .0002. The greatest concentrat ion o f f ree 
radicals was observed in the h u m i c acids, reaching a m a x i m u m of 4 X 10'^ 
spins/g. The bi tumens and aqueous extracts contained fewer free radicals than 
the untreated l igni te , bu t their spin concentrations were never less than 10'* 
spins/g. 
The l i newid th o f t h e ^ = 4.2 signal varied widely in d i f f e r en t f ract ions , be-
tween 65 and 180 gauss. The in tens i ty o f this resonance in the bitumens was 
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an order of magnitude lower than in the humic acids or the untreated lignite. 
In some extracts, one or both of two additional resonances were observed: 
(a) A 6-line spectrum, centred at^ = 2.003 ± 0.001, the separation between 
the component lines varying between 83 and 89 gauss. This resonance appezired 
with greatest intensity in the fulvic acids and aqueous extracts and also oc-
curred in the humic acids, but was not present in the bitumens and could not 
be resolved in the spectrum of lignite prior to any treatment The spectrum is 
characteristic of Mn^* ions, the six lines arising from hyperfine interaction be-
tween the unpaired electrons and the "Mn nucleus. The magnitude of the 
hyperfine splittings is indicative of complexes in which the manganese ions 
are bonded to oxygen (Orton, 1968). 
(b) A complex spectrum consisting of a maximum of eight peaks and eight 
zero-crossings, characteristic of a vanadyl complex in which the unpaired 
electron occupies an environment of axial symmetry (O'Reilly, 1958). Spectra 
of this type were observed in humic acids and bitumens from both the lignite 
and the ball clay, in some cases overlapping with the manganese spectrum 
(Fig.4), and correspond to the position of the weak lines D in the lignite spec-
trum (Fig.l, a). 
Frea rodicol 
iplwi e ond > > 
200 G 
• » 
Fig.4. E S R spectrum of humic acid from lignite, showing free-radical signal plus lines due 
to VO'* ions (o) and Mn'* ions (x). 
This is the first report of ESR spectra due to a vanadyl complex in the 
organic matter associated with clay or lignite, although the occurrence of 
such complexes, especially vanadyl porphyrins, in a wide range of carbonaceous 
deposits has long been established. Extensive E S R investigations of the occur-
rence of vanadium in petroleum oils and asphaltenes have been made, how-
ever, the spectra being attributed to both porphyrin and non-porphyrin com-
plexes (O'Reilly, 1958; Tynan and Yen, 1967; Hodgson et al., 1967). A more 
extensive analysis of the vanadyl spectra occurring in the ball clay and lignite 
extracts will be published subsequently. 
All solvents and reagents used were subjected to careful ESR examination 
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T A B L E IV 
Summary of resonances observed in each sample in the present work 
A B C D E F G 




Bovey ball clay X X X X 
Bitumens X X X 
Humic acids X X X X 
Fulvic acids 





Key: A: g = 4.2, single line (orthorhombic Fe^*); B: ^  = 2.0037 
C : broad g = 2.0 resonance (Fe—Fe strong exchange interaction); D: vanadyl spectrum; 
E : Mn'* spectrum; F : kaolinite g = 2.0 (asymmetric); G; kaolinite ^ = 4 (composite). 
to eliminate the possibility that the spectra were due to the presence of ad-
ventitious trace paramagnetic impurities. In Table IV, the resonances ob-
served in each sample in the present work are summarized. 
Despite the fact that complex and intense ESR spectra were obser\'ed in 
many of the lignite and ball clay extracts as described, the spectra of the re-
sidual clay and lignite were not significantly affected. This is explainable in 
the case of ball clay since, although the highest free radical concentration of 
1.3 X 10'^  spins/g (observed in the humic acid fraction) is of the same order 
of magnitude as the g = 2.0 resonance in the clay, the yield of humic acid 
was only 1.7%. This fraction therefore represents a contribution of only about 
10'* spins/g to the clay resonance, i.e. about 1% of its intensity. Small changes 
in the lineshape of the clay resonance were observed, however, consistent 
with the removal of free radical species. This is demonstrated by comparison 
of the ESR spectra of the untreated ball clay with the residue after debitu-
niinization and hydrogen peroxide treatment (Fig.3, b and c respectively). It 
can be seen that changes between regions Y and Z of the spectra have occurred, 
notably a slight decrease in the height of the gi component of the resonance in 
the treated sample. 
In Fig.5 the low-field {g = 4) regions of the spectra of the same samples are 
illustrated. It can be seen that little change has taken place on removal of the 
organic matter, except for a small reduction of the intensity of the central 
g = 4 peak. 
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Fig.5, E S R spectra = 4 region): a = Bovey ball clay; b 
methanol extraction and H j O , treatment. 
Bovey ball clay after benzene— 
Similar treatment of the St. Austell kaolinite failed to cause any detectable 
change in the ESR spectrum. 
Infrared absorption spectra 
Infrared absorption spectra of the clay and lignite solvent extracts over the 
wavelength range 5000—650 cm~' are illustrated in Fig.6. The spectra clearly 
reflect the resemblance between corresponding fractions extracted from both 
materials. In general features, the spectra resemble those previously reported 
for lignites, and for bitumens and humic substances extracted from soils, 
peats and lignites (Elofson, 1957; Schnitzer, 1965; Stevenson and Goh, 1971) 
and, therefore, only the main points of interest are discussed here. 
Peaks at 2850 and 2900 cm~* (aliphatic C—H stretching mode) increase 
in relative intensity in the order humic acids < lignite < bitumens, reflecting 
a progressive increase in aliphatic character. The free-radical concentrations 
are, therefore, linked to aromaticity, suggesting that the free radicals may be 
extensively conjugated, accounting for the absence of hyperfine coupling. 
Peaks at 1710 cm~' and 1620 c m ~ \ whose interpretation have been ex-
tensively discussed in the literature (Farmer and Morrison, 1960; Schnitzer, 
1965; Stevenson and Goh, 1971) occur with varying relative intensity in dif-
ferent fractions. In lignite the 1620-cm~* peak is predominant, with only a 
small shoulder at 1710 cm~'; the two bands are of comparable intensity in 
the humic acids, while the 1710-cm~' peak is stronger in the bitumens. The 
aqueous extracts exhibit a broad band centred at 1620 cm~' in addition to 
a band at 1420 cm~'. 
The 1710-cm~' band has been assigned to carboxylic or ketonic C=0 
groups, while absorption at 1620 cm~' is characteristic of either aromatic 
C = C vibrations or possibly quinone or ketonic carbonyl groups subject to 
frequency lowering effects such as hydrogen bonding or conjugation (Czu-
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Fig.6. Infrared absorption spectra (5000—650 c m ~ ' ) : a = Bovey lignite; b = bitumen from 
lignite; c = humic acid from lignite; d - aqueous extract of lignite; e = bitumen from ball 
clay; /• = humic acid from ball clay;^ = aqueous extract of ball clay. 
chajowski and Erndt, 1969; Stevenson and Goh, 1971). In addition, C O O " 
anions are expected to produce bands at about 1575 and 1390 cm""'. 
Thus, only limited correlations may be drawn between the ESR and infrared 
spectra of the materials studied. Free-radical concentrations are apparently 
linked to the extent of aromaticity, though no direct evidence for quinone 
C = 0 absorption could be obtained, perhaps due to frequency lowering effects. 
DISCUSSION O F R E S U L T S 
The nature of the ESR and infrared spectra of the solvent extracts of the 
Bovey ball clay and lignite indicate the close resemblance between correspond-
ing fractions extracted from both materials. In all fractions, g = 2.0 and g = 4.2 
resonances resembling those in lignite were observed. 
The isotropic g = 2.0 resonance 
The occurrence of the greatest concentration of free radicals in the humic 
acids, while the bitumens and aqueous extracts contained fewer free radicals 
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than the untreated lignite, is in general agreement with the findings of Fischer 
et al. (1968). The^-value of 2.0037 is close to values characteristic of large, 
condensed semiquinone species (Blois et al., 1960). The resonance is, there-
fore, probably attributable to radicals of semiquinone type present in an 
aromatic network in lignite and humic acids in accordance with the findings 
of Steelink and coworkers. 
The contribution of species of this type to the asymmetric^ = 2.0 reso-
nance in the ball clay is quite small, though it might be significant for clays 
with a high content of organic matter. 
The g = 4.2 resonance 
The occurrence of this feature with concentrations of the order of 10**^ 
10'* spins/g has not, as far as the authors are aware, been previously reported 
for natural carbonaceous materials. Similar resonances are extremely com-
mon, however, and have been observed in a wide range of other organic and 
inorganic materials including silicate glasses (Castner et al., 1960), calcium 
tungstate (Kedzie et al., 1965), micas (Kemp, 1971) and biological materials 
(Aasa and Vanngard, 1965; Wickman et al., 1965; Dowsing and Gibson, 1969). 
Resonances of this type have been attributed to high-spin Fe^* ions occupying 
sites of approximately orthorhombic symmetry (Griffith, 1964). In poly-
crystalline samples, they may be described by a spin Hamiltonian of the form: 
H = gQH • S+ /?[S^> - V3 5(S+ 1)] *E[S^^ - S y 2 ] 
where D and E are energy terms representing the axial and rhombic compo-
nents of the crystalline field. If D and E are much greater than the Zeeman 
term {g^H) it can be shown that for the particular case E/D = Va* an isotropic 
line at^ = 4.28 is predicted, as well as resonances described by extremely 
anisotropic ^-tensors from which weak lines at low field values down to about 
^ = 9 may arise (Castner et al., 1960; Wickman et al., 1965; Blumberg, 1967). 
Our results are in excellent agreement with this theory. 
The single-line^ = 4.2 resonance observed in lignite and in the lignite and 
clay extracts differs from the low-field resonances in the ball clay and kaolinite, 
in which at least three lines are clearly resolved in the region of ^ = 4. The fact 
that solvent extraction and hydrogen peroxide treatment does not significantly 
modify these composite spectra indicates that they are not attributable to 
radicals or complexes associated with organic matter. From work reported 
elsewhere (Angel and Hall, 1973) we were able to show that the low-field 
resonances in kaolinite-group minerals represent the superimposition of fea-
tures attributable to Fe^* ions occupying two distinct substitutional sites in 
kaoUnite, together with possible contributions from Fe^* in micas. 
The single-line g = 4.2 resonance in the solvent extracts and lignite resem-
bles the spectra of Fe^* in silicate glasses (Castner et al., 1960) and micas 
(Kemp, 1971) and might, therefore, arise from ferric ions present in some 
other type of silicate environment, or alternatively to an Fe^-organic complex. 
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Possibly contributions may occur from both types of complex. It was found 
that the intensity of the ^ = 4.2 line in the humic acids could be substantially 
reduced by repeated extraction with ammonium thiocyanate, so that in this 
case at least the principal contribution to the resonance arises from Fe^* ions 
associated with organic matter. The small reduction in the intensity of the 
central ^ = 4 peak in the ball clay after removal of the organic matter also 
supports this conclusion. 
The wide variation in lincwidth of the ^ = 4.2 resonance in the solvent ex-
tracts might be due to the occurrence of Fe^* ions in a number of environ-
ments of slightly differing symmetry, which would give superimposed reso-
nances at slightly differing field values, having a broadening effect, similar to 
that observed by Wickman et al. (1965) for Fe^* in polycrystalline Ferri-
chrome A. 
Asymmetric g = 2.0 resonance in kaolinite and ball clay 
It has been shown that organic free radicals present in lignite, and in the 
solvent extracts obtained from lignite and ball clay, make only a small con-
tribution to the iisymmetric resonance at ^ = 2.0 in the ball clay. This result 
is in accordance with the findings of Wauchope and Haque (1971) who found 
that chloroform extraction and treatment with a variety of oxidizing agents 
had no effect on an identical resonance in a kaolinite from Georgia, U.S.A. 
The resonance, which is chtU*acteristic of kaolinite-gi'oup minerals, is also un-
affected by acid washing of kaolinites or preparation of their hydrogen ex-
change forms, and must, therefore, be attributed to a paramagnetic species 
in an axially symmetric environment within the kaolinite lattice (Angel and 
Hall, 1973). 
Of the transition ions which might be expected to produce a resonance of 
this type, all except Fe^* may be ruled out, since they are not present in suf-
ficient concentration to account for the intensity of the resonance. 
The only two possible species to which the resonance may be attributed 
are, therefore: (1) Fe^ "^  ions in sites with a small axial distortion from cubic 
symmetry; or (2) lattice defects such as trapped hole centres. 
Initially, we were tempted to assign the resonance to Fe^* ions, since Luns-
ford (1964) has reported a similar spectrum for Fe^* in MgO, and since X-
irradiation of kaolinites, while producing defect centres, did not influence the 
asymmetric^ = 2.0 signal. (Angel and Hall, 1973). However, subsequent studies 
still in progress in these laboratories, particularly of synthetic and doped syn-
thetic kaolinites, have indicated that the resonance is indeed due to a defect 
centre, the nature of which will be discussed in a subsequent publication 
(Jones et al., in preparation). 
In summary, the ESR spectra of lignite and of solvent extracts from lignite 
and ball clay indicate the presence of free radicals, possibly of semiquinone 
type; in addition, spectra attributable to Fe^*, Mn^ * and VO^* complexes 
have been observed. These species do not, however, significantly contribute 
I l l 
to the E S R spectrum of ball clay, which resembles closely that of a kaolinite 
from St. Austell, except for a small free-radical contribution to the ^ = 2.0 
resonance. 
The major features of the spectra of kaolinite group minerals, occurring 
at^ = 4 and g= 2, are attributable to Fe^* ions occupying two distinct sub-
stitutional sites, and to defect centres respectively. Further evidence support-
ing this assignment will be included in a subsequent publication. 
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